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Characterization of the One-Dimensional Transport of Bacteriophage MS2 in a 
Coarse-Grained Vadose Zone Beneath a High School Septic Leach Field 
Consumption of untreated ground water impacted by domestic sewage 
sources is responsible for up to 50% of waterborne disease outbreaks. The 
potential for effluent-derived pathogen removal has been reported to be much 
greater in the vadose zone leach field than during ground water transport. 
However, previous research is primarily based on lab column studies. This work 
is based on a study of effluent controlled virus behavior in a fluvial-derived 
vadose zone instrumented with suction lysimeters, multilevel monitoring wells, 
tensiometers, gypsum blocks, thermistors, and neutron probe tubes. Controlled 
bromide (250 mg/L) and virus (coliphage MS2, 1E+09 PFU/mL) seeding 
experiments were conducted to assess transport processes and "treatment" 
potential in this characterized vadose zone. Bromide and MS2 peak arrivals 
behaved similarly. Tracer peak transport velocities ranged from 0.05 to 0.67 
cm/min, indicating preferential flow conditions. Hydraulic loading from multiple 
effluent pulses dominated MS2 distribution. Sixty percent of virus attached to soil 
matrix over 121 cm of transport. After 20 hours, groundwater sampled 290 cm 
from the injection site contained over 1E+06 PFU/mL of seeded MS2. 
Normalized differences in Br and MS2 ratios suggest most attachment occurred 
within the first 6 cm of transport. Relative mass variances of MS2 and bromide 
near the injection site appear to be controlled by ionic diffusion into low velocity 
regions and concurrent MS2 pore size exclusion processes. Nonisothermal soil 
temperatures yielded inactivation rates up to 0.22 logio/day. Under these site 
conditions, MS2 removal before groundwater entry is limited to -2 logio/2.6 m of 
unsaturated flow Engineered enhancement of similar vadose soils at this site 
may effectively reduce virus contamination of groundwater. 
Committee Chair: William W. Woessner 
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1.0 PROBLEM STATEMENT 
Over 42% of waterborne disease outbreaks in the United States are a result of 
sewage-impacted groundwater supplies (Keswick and Gerba, 1980). In the rural 
setting, homes, schools and businesses depend on stand-alone septic waste 
disposal systems, annually discharging more than three trillion liters of septic 
effluent through soils of the unsaturated zone and into underlying groundwater 
(Yates, 1985). Existing operational practice assumes the vadose zone 
(unsaturated zone or zone of variable saturation) and receiving groundwater 
system will adequately "naturally disinfect" septic effluent (Keswick and Gerba, 
1980; Lance and Gerba, 1976; Powelson et al., 1990). Treatment of these 
wastes relies on the natural disinfection properties of the unsaturated and 
underlying saturated zones to reduce concentrations of bacteria and viruses to 
non-pathogenic levels. When this process is effective, associated groundwater 
may be used without treatment (DiNovo and Jaffe, 1984). 
Increasing concern over possible microbial contamination of groundwater from 
sewage effluent has led the U S. Environmental Protection Agency to propose 
the Groundwater Rule (GWR), as part of the Safe Drinking Water Act (SDWA). 
This proposal mandates the removal of giardia, total coliform bacteria, and 
viruses from groundwater supplies (U.S. EPA, 1992; Macler, 1995). 
Virus removal rates are highly dependent on virus type, soil, soil water chemistry 
and soil water temperature (Powelson and Gerba, 1994; Powelson et al., 1993; 
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Yates, et al., 1991). Moreover, prediction of pathogen concentrations entering a 
groundwater system are hindered by the lack of physically-based transport 
models, including the quantification of the processes controlling their transport 
(Gerba, 1983; Yates and Yates, 1988; Powelson et al., 1993; Yates et al., 1985, 
Yates et al., 1991; Bales et al., 1995; and Deborde et al., 1998a, 1998b). 
Current research has focused on the behavior of pathogenic microorganisms in 
the groundwater environment. Less attention is given to the importance of 
primary pathogen removal mechanisms operating in the unsaturated zone 
(Gerba, 1983; Yates and Yates, 1988; Powelson et al., 1993; Yates, et al., 1985, 
Bales et al., 1995, and Deborde et al., 1998a, 1998b). It has been reported that 
the potential for removal of septic-derived pathogens is much greater in the 
unsaturated zone than in the saturated zone (Keswick and Gerba, 1980; Lance 
et al., 1976; Powelson et al., 1990). However, the ability and importance of the 
unsaturated zone to "disinfect" effluent is usually underestimated, leading to 
errors in assessing the safety of drinking water supplies (Yates and Yates, 1988; 
Yates et al., 1991). 
The design and execution of field studies that identify the processes controlling 
viral transport in the vadose zone have been hampered by: 
1. The inherent dynamics and complexities of the vadose zone as a three phase 
system of liquid, solid and air; 
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2. Difficulties in quantifying unsaturated transport field parameters required to 
solve the non-linear partial differential transport governing equations (hence 
the attractiveness of controlled column studies (van Genuchten et al., 1991)); 
3. Difficulties in instrumenting a coarse-grained vadose zone. 
Beyond hydrologic characterization challenges, direct knowledge of the 
processes affecting the transport and fate of human pathogenic viruses in the 
vadose zone is still poorly understood. This is in part because: 
1. Permission to inject pathogenic viruses in the field is virtually unobtainable; 
2. The usefulness of indicator bacteriophage as surrogates for human 
pathogenic viruses is under scrutiny (Dowd, et al., 1998; Kinoshita et al., 
1993); 
3. Assay techniques for human pathogenic viruses are complex, costly and 
nonexistent for some types of viruses (DeBorde et al., 1998a); 
4. Human enteric viruses are only present in septic waste at high concentration 
when the source population is infected, requiring frequent sampling; 
5. Viruses do not exhibit a singular physicochemical property. Thus, reaction 
with sediment surfaces is complex. 
2.0 PREVIOUS STUDIES 
Only a few studies document virus transport in a well-characterized, septic-
impacted vadose zone. Powelson et al., (1993) found seeded MS2 and PRD1 
removal from 37 to 99.7% after 4.3 meters (m) of transport in a sand and gravel 
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vadose zone below test basins flooded with secondary sewage effluent. 
Schaub and Sorber (1977) recovered 47% of seeded bacteriophage f2 after 
percolating through 18 m of a silty sand and gravel vadose soil. A field lysimeter 
study by Poletika et al. (1995) examined MS2, bromide and simazine (organic 
pesticide) movement in low carbon soils and found high adsorption of MS2, 
penetrating only through the first 10 centimeters (cm). 
Column experiments assessing "treatment" efficiency of vadose soils are more 
prevalent. A column study comparing removal efficiencies of unsaturated and 
saturated conditions found a three times higher rate of removal of bacteriophage 
in the unsaturated setting (Powelson and Gerba, 1994). Sobsey et al. (1980) 
found >95% virus removal in 10 cm long unsaturated sandy, organic-rich soil 
columns and greater than 99% removal of poliovirus type 1 and reovirus type 3 in 
clayey soil columns under similar experimental conditions. Another column study 
conducted by Lance and Gerba (1984) found poliovirus type 1 penetration to 40 
cm in the sewage-conditioned columns during unsaturated flow and 160 cm 
under saturated conditions. These studies and their counterparts conducted in 
saturated flow systems underscore the need for more complete site 
characterization and field experiments. 
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3.0 EXPERIMENTAL STRATEGY 
The research described here was designed to characterize the primary 
physicochemical, hydraulic, and thermodynamic properties and processes 
affecting the one-dimensional transport and fate of the bacteriophage MS2 
through a coarse gravel and sand vadose zone at the rural Frenchtown High 
School (FHS) in western Montana. This research directly links to the work of 
DeBorde et al. (1998a) who characterized virus transport in the underlying 
groundwater system. 
The overall research strategy first required characterization of the vadose zone 
under which the controlled seeding experiment was conducted. Once site 
characterization and field instrumentation was completed, a tracer experiment 
involving injection of the bacteriophage MS2 and ionic tracers (NaCI/bromide) 
was conducted at the point of secondary sewage discharge from a 
predetermined individual drainline. The tracers were used to simulate virus 
movement from the multi-user septic system drainfield. The field instrumentation 
design allowed one-dimensional sampling of MS2 and ionic tracers, as well as 
characterization of the vadose zone framework. 
Specific objectives included: 
1. Characterization of the physical, chemical, hydraulic and thermodynamic 
properties of the septic effluent affected vadose zone; 
6 
2. Establishment of viral transport rates, distances and concentrations within 
the 300 cm thick vadose zone; 
3. Evaluation of the "capacity" of the vadose zone to affect virus concentrations 
and thus the amount or concentrations of viable viruses entering the 
groundwater system. 
4.0 VALUE OF PROPOSED RESEARCH 
The lack of field-based viral transport studies conducted under unsaturated flow 
conditions hinders determination of viral removal effectiveness across a variety of 
subsurface conditions. As more is discovered about virus transport processes 
within the vadose zone associated with secondary septic system effluent 
discharges, more informed decisions can be made by regulatory personnel with 
regards to human health-risk decision tree structures. The end goal of proposed 
regulations such as the draft GWR is to protect groundwater users from viral 
infection. 
The research described here is intended to help alleviate the previously 
mentioned problems by: 
1. Documenting virus removal rates on a field scale; 
2. Providing a site specific hydrologic database that could potentially be used in 
predictive health-based numerical modeling codes to help describe similar 
sites lacking extensive vadose zone characterization. 
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5.0 SITE DESCRIPTION 
Research was conducted within the rural Frenchtown High School (FHS) septic 
drain field located 25 kilometers (km) west of Missoula, Montana, USA (Figures 
1,2). The septic system serves approximately 350 students and staff. The 
system consists of a 56,700 liter (L) triple-chambered septic tank discharging 
approximately 15,700 L/d (liters per day) of sewage effluent over an 1860 m2 
drainfield (Figure 3). The drainfield consists of 26 perforated 15.24 cm diameter 
schedule 20 PVC pipes, each 30.5 m long, buried 100 cm below ground within 
trenches filled with washed 5 cm diameter gravel (Lauerman, 1997). Below the 
drain field, the gravelly, sandy loam-dominated unsaturated zone ranges in 
thickness from 290 - 409 cm, varying seasonally with the position of the water 
table. 
This zone of variable saturation is underlain by approximately 7.6 m of sand and 
gravel forming an unconfined aquifer used by some local residents as a domestic 
water source. This aquifer is extremely heterogeneous (uniformity coefficient 
22.4 Deborde et al., 1998a) with a calculated hydraulic conductivity (Ks) of 240-
300 m/d. The average hydraulic gradient is 0.002. Previous research at the site 
yielded a groundwater velocity of 1 to 2.9 m/d, with groundwater flow towards the 
southwest. Septic effluent-impacted groundwater exhibited temperatures 
between 9 - 12 °C, a pH range of 6.0 - 6.4 and an electrical conductivity range 
of 0.323 - 0.790 microSiemens per cm (mS/cm). The reader may refer to 
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DeBorde et al. (1998a) for additional information on site hydrogeology and 
coliphage seeding results within the shallow aquifer. Thirty meters of underlying 
fine sand separates a semi-confined sand and gravel groundwater system that 
serves as the drinking water source for the school and the majority of rural 
residents in the region. 
6.0 METHODS 
There is a need to describe the vadose zone hydrology so that comparisons to 
other virus transport studies and predictive models can be facilitated. If modeling 
is to be used to assist in determination of health risks, then more field studies 
that document the properties of the environment under which the experiment was 
conducted are needed. Selection criteria needed to describe the physical, 
hydrologic, thermal, and chemical parameters of this site came from a number of 
numerical modeling codes (VIRTUS: Yates et al. 1991; VIRALT: Park, 1994; 
HYDRUS1D: Simunek et al. 1998; SUTRA: Voss 1984; VS2DT Healy 1990). 
These codes require an array of input parameters to simulate the coupled 
transport of water, heat and solutes (or viruses) within the vadose zone. 
Depending on the code used, the number of model input parameters range from 
70 to more than 90. A gap exists between data requirements for increasingly 
sophisticated models and acceptable in-situ measurement of these input 
parameters (van Genuchten et al. 1991). Budget and equipment limitations 
constrained parameter acquisition to less than that needed for most model-input 
arrays, despite the range of equipment and tests used. 
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The test site location within the drainfield was determined by the requirement to 
conduct experiments in a worst case scenario of high effluent loading rates and 
highly conductive soils. Historical water table mounding and high chloride 
concentrations in groundwater monitoring well M15 reported previously by 
DeBorde et al., (1998a) facilitated test site selection. 
A description of field and laboratory methods used to describe the framework and 
movement of seeded bacteriophage and ionic tracers through the unsaturated 
zone follows. 
6.1 SITE INSTRUMENTATION 
The coarse-grained vadose soils hindered optimum placement of instruments. 
Hence, some of these may not have adequately measured that portion of the 
vadose zone under the direct influence of effluent percolation. 
6.1.1 Soil Cores 
Undisturbed soil cores were collected using a truck-mounted Geoprobe,m 5400 
drill rig. Soil cores were obtained by driving a 3.8 cm diameter 122 cm long core 
barrel equipped with a lexan core extractor sleeve. Cores were collected within 
the zone of variable saturation above the water table between 122 cm and 380 
cm below land surface (bis). The presence of large clasts inhibited acquisition of 
complete undisturbed, representative cores. Core sections were used to 
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determine standard physical soil properties and the soil water retention function 
using standard analytical techniques. Soil coring methods are presented in 
Appendix A. 
6.1.2 Stainless Steel Suction Lysimeters 
Three porous stainless steel suction lysimeters (Soil Measurement Systems, 
Tucson, AZ) were angle-drilled (Geoprobetm) to depths of 125, 175, and 240 cm 
bis at corresponding angles from surface of 76, 68 and 59°. This corresponds to 
equivalent depths below the drain line (bdl) of 6, 56 and 121 cm (LSS1, LSS2, 
LSS3 respectively). 
Figure 4 illustrates the vertical position of lysimeter array, while Figure 5 depicts 
the plan view Tremied silica flour slurry was emplaced around each portion of 
the lysimeter cup as the conductor casing was slowly retracted. The silica flour 
was overlain by sieved sand backfill to within 2 feet of land surface. Finally, a 
granular bentonite surface seal completed each lysimeter installation. The pore 
size of the stainless steel lysimeters enabled capture of the 24 - 27 nanometer 
(nm) diameter MS2 bacteriophage. In addition, use of these neutral charge 
lysimeters lessened the chance of electrostatic interactions between the virion 
and lysimeter material (Powelson, et al., 1993). Appendix B provides information 
on lysimeter specifications and installation. 
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6.1.3 Tensiometers 
To determine soil water potential gradients over the test area, five tensiometers 
were installed (TT-1, 3, 4, 5, and 6) (see Figure 5). Each tensiometer was 
installed using Geoprobetm-driven conductor casing equipped with an expendable 
tip. After reaching the desired depth, casing was removed while silica flour slurry 
was emplaced around each tensiometer cup to insure that positive hydraulic 
contact was achieved between the ceramic wall and the coarse sand/gravel 
borehole. Two types of tensiometers (type I and type II) were installed. Type I 
tensiometers (TT-1, 3 and 4) were Jet Filltm (Soil Moisture Equipment) models 
equipped with vacuum needle gauges. Type II models (TT-5, 6) were designed 
by the author for deeper emplacement using the available drilling technology. 
The type I model measured depths between 30 cm to 153 cm, while the type II 
model measured 244 cm and 259 cm depths. Appendix C provides details of 
construction and installation methodology. 
6.1.4 Tracer injection sleeve/sampling port 
An injection point was installed parallel to the base of the test site drain line (119 
cm bis) by hand digging. The purpose was to create a controlled entry point for 
seeding ionic (Br" and CI") tracers and MS2 (Figure 5). The assembly consisted 
of two parts. The first comprised a sleeve constructed of 2.5 cm diameter, 61 cm 
long, hand-slotted PVC pipe, placed horizontally in the drain line gravel below the 
drain line (119 cm bis). This injection sleeve connected to a vertical 2.5 cm 
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diameter PVC riser pipe that extended to the surface and was sealed with 
granular bentonite. The second part of the apparatus consisted of a sampling 
port constructed of 0.64 cm diameter PVC pipe, hand drilled and mesh-wrapped, 
emplaced horizontally 4 cm below the bottom of the injection sleeve. 
Polyethylene sample tubing (0.32 cm diameter) was inserted within the PVC 
pipe, and extended above ground surface with a short section of dedicated 
Masterflextm tubing. This second unit served as a sampling port for effluent 
chemistry and chemical/biological transport experiments. It should be noted here 
that while installing the injection apparatus, a black, organic rich layer (biomat) of 
soil was present below the base of the drain line. Biomats are a common feature 
associated with septic leach fields, created by increased microbial activity in the 
highly oxygenated zone beneath drain lines (Canter and Knox, 1985). Appendix 
D provides further detail on construction and installation of the injection 
assembly. 
6.1.5 Effluent Monitoring Station 
A 15.24 cm diameter, 130 cm long, open-ended schedule 40 PVC pipe was 
emplaced alongside the test site drain line to 122 cm bis (Figure 5). A Stevens1"1 
Type F continuous water level recorder was installed to record the duration and 
timing of each periodic effluent pulse to the drain field during the tracer test and 
seeding experiments. This data allowed determination of effluent loading rates 
during tracer and bacteriophage seeding experiments. Appendix E provides 
further construction information. 
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6.1.6 Single-Unit Thermistors 
A multilevel thermistor cluster was installed at the test site within the unsaturated 
soils (Figure 5). The thermistor cluster was installed in a single vertical borehole 
using the Geoprobetm. The epoxy-coated micro-bead thermistors (Fenwal 
Electronics) were attached to 305 cm of 1.25 cm PVC pipe and inserted in a 5 
cm-wide cased borehole. As the casing was removed, native soils were allowed 
to collapse around the thermistor units. Electrical leads were brought to the 
surface, protected by 10 cm diameter PVC casing. Granular bentonite sealed 
the borehole from surface water infiltration. Soil temperature measurements 
were conducted at depths of 122, 183, 244 and 274 cm bis using a resistance 
meter and calibration curves. Appendix F provides further details on 
construction, installation, calibration and operation of the thermistor units. 
6.1.7 Thermistor/Moisture Content Sensors 
Micro-bead thermistors like those described above were also coupled to 
Soilrnoisturetm (model 5201) gypsum resistivity blocks. The combination 
temperature/soil water content measuring devices were developed by the author 
to be emplaced down a Geoprobetm-driven borehole (5 cm diameter). The 
mating of thermistor and resistivity block allowed simultaneous point interrogation 
of soil heat and soil water content within the subsurface soils near the test drain 
line. Gypsum blocks were calibrated in the laboratory. Soil moisture content was 
determined from resistance values using calibration curves. 
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Three combination units were installed near the test site in a single borehole. 
M/T-4, M/T-6, and M/T-7 were emplaced to depths of 320, 244 and 305 cm bis, 
respectively (Figure 5). Another combination heat/moisture sensor was installed 
below the test site drain line, M/T-10, 149 cm bis, and 24 cm below base of 
injection point/drain line. Figure 6 illustrates the three dimensional 
conceptualization of instrument packages in relation to the injection point and 
drain line. Refer to Appendix G for additional construction, installation, calibration 
and operational data. 
6.1.8 Groundwater Monitoring wells 
Two groundwater monitoring wells, M15 and MV-1 were used to sample 
groundwater chemistry and bacteriophage before and during ionic and 
bacteriophage tracer seeding experiments. M15 was installed as part of previous 
research efforts by Lauerman (1997), and consisted of a 5 cm-diameter schedule 
80 PVC pipe installed using conventional hollow stem auger drilling techniques. 
The well is perforated between 305 and 527 cm bis. Water level readings were 
collected periodically from M15 to determine vadose zone thickness. Also, a 
small diameter (1.7 cm) sampling well, MV-1, was used to sample infiltrating 
injectate water at 305 cm bis (250 cm bdl). MV-1 sample port location relative to 
the injection site is depicted in Figures 5 and 6. Construction details are 
presented in Appendix H. 
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6.1.9 Aqueous Chemistry Sampling 
Soil water was collected from stainless suction lysimeters, septic effluent, and 
wells in the vicinity surrounding the test site. A peristaltic pump was used to 
collect the samples from collectors. Dissolved oxygen (DO), conductivity, pH, 
and specific conductance were analyzed in the field using calibrated meters, 
while analytical samples were transported to the University of Montana 
laboratory. Standard analytical procedures using inductively coupled argon 
plasma emission spectrophotometry (Jerrell Ash) and ion chromatography 
(Dionex, AS4A column) were applied to quantify the general inorganic chemistry 
of septic effluent, septic-impacted soil-water and septic-impacted groundwater. 
Analyzed constituents included: Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, 
Mn, Mo, Na, Ni, P, Pb, S, Si, Sn, Sr, Ti, Zn, F, CI, N02-N, N03-N, NH4, S04, 
Organic C, and alkalinity. Complete analytical reports are presented in Appendix 
I. 
3.1.10 Coliphage Sampling 
Applying the same basic protocol for the aqueous chemical sampling, septic 
effluent, septic-impacted soil-water, and septic-impacted groundwater samples 
were collected in sterilized 50 ml polypropylene Oakridgetm centrifuge tubes. 
Samples were collected after one to two bore volumes of water was removed 
from wells or sampling ports. Seeding experiment samples (MS2 bacteriophage) 
were frozen for 10 weeks at -70° C before assay. Deborde et al., (1998b) 
16 
indicated marker bacteriophage held at 4° C had no detectable loss in 
infectivity over a 30 day period. Yates et al., (1985) found virtually no 
inactivation (inability to infect) of bacteriophage below 8° C (see Appendix 0). 
Therefore, the extended holding period of the seeded MS2 samples were 
considered not to be an appreciable assay error source. 
6.2 LABORATORY ANALYSES 
6.2.1 Soil Water Retention Curve/Analysis 
Undisturbed soil samples were used to determine soil water hydraulic properties 
using the pressure plate outflow method (Klute, 1986). A 1 bar ceramic pressure 
plate apparatus (Soil Moisture Equipment, Tucson, Arizona) was used to 
construct a soil water retention curve of pressure head (h), versus volumetric soil 
water content, (0). Correction of water retention data due to presence of stones 
(i.e. >2 mm) (Berger, 1976 in Klute, 1986) may be necessary for modeling 
applications, but was beyond the scope of this study. A drying scanning curve 
was conducted over the soil water holding capacity range of -30 to -200 cm of 
H2O with additional measurements up to -1000 cm H2O. The resultant soil water 
retention function was analyzed using a public domain computer program 
(RETC, van Genuchten, 1991) to determine the capillary conductivity K(h) 
function. Soil water retention curve construction details are presented in 
Appendix J. Analysis of retention data using RETC to determine the K(h) 
function is presented in Appendix K. 
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6.2.2 Coliphage Assays 
Grab samples were assayed by single-layer agar gel technique (Grabow and 
Courbrough, 1986) using the appropriate hosts. Analytical techniques are 
described in DeBorde et al., (1998a). Sampling and analysis errors were 
determined at +/-15% as 95% confidence limits (DeBorde et al., 1998a). 
6.3 FIELD METHODS 
6.3.1 NaCI Conductivity Tracer Test 
One day prior to the MS2/bromide seeding experiment, a NaCI conductivity 
tracer test was initiated. The purpose was to provide a rapid and inexpensive 
tracer experiment to gain initial estimates of infiltration velocities, concentration 
distributions and recharge rates (i.e. sampling frequency) of lysimeters. This 
information assisted design of the MS2/bromide seeding experiment. Given the 
near steady state effluent loading of the site, the addition of the tracer was not 
viewed as affecting soil adsorption exchange site density or the ionic strength of 
soil water. A 15.2 L NaCI solution having an initial conductivity of 19.330 mS/cm 
was gravity delivered at an application rate of 3.55 L/min through the injection 
sleeve. Soil water sampling of the infiltrating tracer front was conducted through 
the lysimeters, MV-1 and M15, including the sampling port just below the 
injection sleeve. Conductivity measurements of the soil water solution were 
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measured in the field using a Hachtm model conductivity meter. Mean pore 
water velocities and wetting front propagation were calculated from breakthrough 
curves. Appendix L describes tracer test procedures. 
6.3.2 Bromide, MS2 Bacteriophage Seeding Experiment 
High titers (109-Plaque Forming Units per milliliter (PFU/mL)) of MS2 
bacteriophage were grown in broth cultures, and cell debris removed by low-
speed centrifugation (4°C, 15 minutes at 3500 X g in a Beckman J6 centrifuge). 
The coliphage suspensions (<50 ml) were added to 12.8 L of groundwater from 
well M15. NaBr was then added to the coliphage injectate water. The injectate 
concentration of MS2 was 4.17 X 109 PFU/mL and 250 mg/L for Br. The 12.8 L 
mixture of groundwater, virus and NaBr was gravity-delivered to the injection 
sleeve at an application rate of 2.74 L/min. Samples of drain line effluent at the 
injection point, the lysimeter array, MV-1 and M15 were collected over the next 
20 hours. Sampling frequency was dictated by the recharge rate within the 
constant suction lysimeters (30-40 minutes, found from NaCI tracer test), 
distance from injection, and previous conductivity tracer test results. Samples 
were collected in sterile 50 mL polypropylene Oakridge centrifuge tubes, packed 
in ice and shipped to the University of Montana-Missoula for storage at -70° C. 
Bromide samples were filtered (0.45 //m) in the lab and analyzed using a Dionex 
ion chromatograph (AS4A column) and standard procedures (Pfaff, 1993). 
Bromide concentrations were reported in mg/L to an instrument detection limit of 
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0.2 mg/L. Field error and lab error assumed to be approximately 15% (DeBorde 
et al., 1998a, 1998b). Refer to Appendix L for tracer test field procedures. 
6.4 DATA ANALYSIS 
6.4.1 Relative Attenuation (RA) Calculation of MS2 Breakthrough Data 
Virus relative attenuation (RA) (Harvey and Garabedian,1991) was calculated 
using bromide and virus concentration data collected at lysimeter LSS3, 121 cm 
bdl. 
where Co and Bro are the initial respective virus and bromide 
concentrations at the injection site (PFU/mL (Plaque Forming Unit/mL) and mg/L, 
respectively), Ct and Brt are the concentrations at a sampling point some time t 
after the tracer injection, and to and tf are the times representing the beginning 
and end of the breakthrough curve. 
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6.4.2 Bromide Normalized MS2 Transport Behavior Analysis 
To examine the location and timing of the attachment-detachment process at 6, 
56 and 121 cm bdl, the normalized difference of Br and MS2 concentration ratios 
relative to the bromide ratio v. time were generated (Ball et al., 2000): 
A = (Bfct/co — MS2ct/co) I Bfct/co 
where Brct/co is the normalized bromide concentration at time t and 
MS2ct/co is the normalized virus concentration at time t, and A is dimensionless. 
Negative values indicate that the C/Co ratio for MS2 is higher than the bromide 
ratio. Positive values occur when MS2 concentrations decrease more rapidly 
than bromide concentration. A value of zero indicates both normalized Br and 
MS2 concentrations are equal. 
7.0 RESULTS 
7.1 Soil Physical Properties 
Results of field and laboratory tests to characterize the soil physical properties 
are summarized in Table 1. Additional details of various soil physical properties 
are presented in Appendix M. 
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In general, the vadose zone ranges in thickness from 290 cm in early summer 
to 409 cm in late winter, measured in monitoring well M15 (Appendix H). The 
soils consist of a high proportion of coarse sand and gravel, with minor amounts 
of finer material (<5% silt+clay). Soil mineralogy consists predominantly of quartz, 
with lesser amounts of feldspar, micas, and illite/smectite presumably derived 
from Belt Supergroup formations (Lauerman, 1997). The combination of 
immature mineralogy, low clay content, and lack of horizon development, 
indicates a young soil profile deposited in a fluvial environment. 
Using soil taxonomy classification scheme, the soil is classified as a Calciorthidic 
Haplorexoll: a calcareous extremely gravelly sandy loam, texturally immature 
(USDA, Missoula County Soil Survey, Part II, 1985). Under the Unified Soil 
Classification System (USCS), the soil falls under either: 1) GP: a poorly graded 
gravel, gravel-sand mixture with little or no fines; or 2) SP: a poorly graded sand, 
gravelly sand, with little or no fines (ASTM, 1985). Representative grain size 
distribution of the soils immediately below the test site is presented in Figure 7. It 
is important to note that particle size distributions of soils across the entire FHS 
study area varied laterally, on a scale of meters (Lauerman, 1997). (See 
appendix M for additional grain size information). Coarse gravel was present 
throughout the soil profile (up to 5 cm diameter), as evidenced from core 
samples, grain size distribution curves and tracer test results. A bimodal particle 
size distribution is present, with mean grain diameters of 5.0 mm (gravel-
included) down to 0.39 mm (sand only). Respective calculated pore diameters 
range from 1.67 mm to 0.13 mm, over an order-of-magni'tude difference. Kirkby 
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(1988) has defined macropores as being at least one order-of-magnitude larger 
than indigenous pores. This dual-porosity system places important physical 
controls on the hydraulic characteristics. 
7.2 Soil Hydraulic Properties 
Beyond quantifying physical soil properties, the unsaturated hydraulic properties 
were also characterized (Table 2). Appendix N provides additional details. 
Direction of the soil water potential gradient measured from tensiometer readings 
is predominantly downward, ranging from 0.18 to 0.67 from the base of the drain 
line (119 cm bis) to the top of the capillary fringe (381 cm bis), where a slight 
upward gradient exists due to the presence of the underlying water table. 
Appendix C provides additional details concerning tensiometer data. 
Movement of soil water is strongly influenced by the periodic infiltration of over 
559 liters of effluent per day along each drain line at the test site. Mean pore 
water velocities ranged from 0.027 (0.39 m/d) to 1.12 cm/min (16.13 m/d), based 
on effluent infiltration rates and conductivity tracer test results. See Appendix E 
for results of effluent analysis and Appendix L for conductivity (NaCI) tracer test 
results. 
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7.3 Soil Thermodynamic Properties 
Soil temperature measurements were recorded up to and during the seeding 
experiment on May 27, 1999 to establish historical and hourly temperature 
distribution through the soil profile as a function of time and depth. Soil 
temperature distribution between the soil surface and 320 cm bis prior to tracer is 
illustrated in Figure 8. 
From Figure 8, vadose zone soil temperature distributions shows a general 
warming trend as the angle of incident solar radiation increases toward late 
spring. A nonisothermal temperature field exists through time with a nearly 
constant gradient from 119 cm bis to 320 cm bis, with a maximum temperature 
difference of 2 °C and a gradient on the order of 0.01 °C/cm. Soil temperatures 
ranged from a minimum on April 12th of 7.57 °C (122 cm depth) to a maximum of 
14.68 °C on May 21st. 
Concurrent to the MS2/bromide seeding experiment, interrogation of thermistors 
was conducted beginning at 730am on 5.27.99 (1.5hrs prior to virus seed) 
(Figure 9). The minimum soil temperature recorded excluding near-surface 
effects to 120 cm bis was 11.65 °C, 730am (1.5 hrs prior to seed), 200 cm below 
injection. . A progressive warming of the soils between 3 cm and 205 cm (below 
injection) occurred during the course of the experiment. The maximum soil 
temperature was 18.67 °C 600am on 5.28.99, 3 cm below injection. Overall, 
gradients remained similar through time, varying only in magnitude. The average 
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computed gradient is on the order of 0.03 °C/cm, slightly higher than previously 
measured values. Appendix O provides additional information concerning soil 
thermal properties. 
7.4 Soil-Water Chemistry 
Samples were collected over a 4-month period prior to the seeding experiment. 
Selected inorganic aqueous chemistry of the effluent, soil water and groundwater 
below the test site is summarized in Table 3. Septic effluent exiting the drainpipe 
was generally warmer and higher in dissolved constituents. Soil water below the 
drainpipe was typically lower in conductivity and higher in dissolved oxygen, 
while temperature and conductivity decreased with depth to the water table. M15 
exhibits aqueous chemistry affected by percolating septic effluent, with nitrate 2 
to 5 times higher than the drinking water quality standard of 10 mg/L-N 
(Langmuir, 1997). Organic carbon levels varied over an order of magnitude, but 
generally were lower than average septic-derived concentrations (Wilhelm et al., 
1994). The groundwater chloride plume mapped by DeBorde, et al., (1998a) 
(Figure 10) indicates the plume occurs directly below the test site, near M15. 
Appendix I provides complete analytical data. 
7.5 Background Coliphage Levels 
Three aqueous sampling events established general background (i.e. pre­
existing) coliphage trends and concentrations at the test site, prior to the seeding 
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experiment (Table 4). Highest concentrations were found in the effluent 
exiting the drain line, 220 to 1020 PFU/mL. Coliphage were detected in 
monitoring well M15 from <1 up to16 PFU/mL. 
8.0 EXPERIMENTAL RESULTS 
8.1 NaCI Conductivity Tracer Test 
Relative breakthrough curves (concentration C divided by initial concentration 
Co) for the conductivity tracer (NaCI) at transport distances of 56 cm, 121 cm and 
250 cm is presented in Figure 11. Average pore water velocities were 0.11, 0.42, 
and 0.39 cm/min at 56, 121 and 250 cm respectively. Arrival of the injectate 
wetting front was observed in lysimeter LSS3 as a sample volume increase at the 
235 minute sampling interval. This wetting front traveled past multilevel well MV-
1, 250 cm sample port. The presence of near-saturated conditions of the wetting 
front allowed sampling from this port. Figure 12 depicts the arrival and duration 
of the wetting front observed at the 250 cm sample port. A computed wetting 
front velocity of 0.51 cm/min (at 121 cm) and 0.79 cm/min (at 250 cm) is nearly 
twice that of the mean pore water velocity of 0.41 cm/min at the 250 cm depth. 
The velocity of the tracer wetting front at 250 cm may have been higher since 
sampling was not performed prior to 315 minutes. NaCI tracer test results are 
presented in Appendix L. 
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8.2 MS2 and Bromide Seeding Experiment 
Figures 13 through 17 present MS2/bromide normalized (C/Co) breakthrough 
concentrations representing the aqueous phase (soil water) from 3 cm to 250 cm 
below the injection site. Table 5 provides peak MS2, bromide and NaCI tracer 
solution arrival times with depth. Over a 2-log reduction in MS2 was measured 
after 121 cm of transport. M15, which is 290 cm from the injection site, was 
sampled at the end of the experiment (20.5 hours), indicating that as much as a 
3-log reduction in MS2 concentration occurred. Breakthrough of MS2 at 56 cm 
occurred later than at 121 cm, which was also observed in NaCI tracer test. 
Thus, MS2 transport mimics bromide transport behavior, with similar 
breakthrough times within the analytical error of +/-15% at 95% confidence limits 
(DeBorde et al., 1998a, 1998b). Background concentrations of male-specific 
coliphage (listed in Table 4) had no significant effects on the results since MS2 
titers at each sample point were always at least tenfold higher than background 
concentrations 
Using breakthrough times from the tracer data, apparent or average pore water 
velocities of the infiltrating tracer mass varied from a low of 0.05 cm/min to 0.67 
cm/min. The wetting front of the infiltrating injection solution was observed at 
121 cm and the 250 cm multi-well sample port, similar to observations from the 
NaCI test the previous day. Figure 17 indicates the duration of near-saturated 
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soil around the 250 cm sampling depth with respect to tracer concentrations. 
Wetting front propagation velocity at 250 cm was observed to be 1.12 cm/min. 
A closer examination of the breakthrough profiles for MS2 and Br at 3 cm (Figure 
13-injection site sample port) and 6 cm (Figure 14-LSS1) reveals the following 
items of interest: (1) a 3.5 log reduction in MS2 occurred at 3 cm within the first 
200 minutes, followed by only a 0.2 log decrease to the end of the experiment; 
(2) at 6 cm, 200 minutes into the experiment, an increase in MS2/Br relative to 
the 3 cm sample port occurred, this relationship continued for the remainder of 
the experiment; (3) at 6cm, breakthrough profiles of MS2 and Br record a change 
in the relative amount of mobile MS2, where an increase of MS2 occurred around 
480 minutes relative to the amount of Br. Appendix L provides additional data of 
the MS2/Bromide tracer test. 
9.0 DISCUSSION 
Physical, hydrologic, and chemical factors associated with the vadose zone 
controlled the one-dimensional transport behavior of MS2 and ionic tracers. The 
measured concentrations of MS2 and ionic tracers represent the fraction present 
in the aqueous phase. The combined effect of the measured vadose zone 
properties was to reduce the MS2 seeded concentration by approximately 2 logs 
over 121 cm of transport and 3 logs over 290 cm of transport. These reductions 
were caused by dilution near the injection site, hydrodynamic and mechanical 
dispersion during transport, and attachment to sediment surfaces. Relative 
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attenuation (RA) of MS2 after 121 cm was found to be 60%. RA is a measure 
of the quantity of MS2 adsorbed to soil surfaces relative to a non-adsorbing (i.e. 
mass-conserving) tracer such as bromide. MS2 and bromide breakthrough 
curves exhibited sharp fronts and long tails. The majority of MS2 was removed 
from the system near the injection site at the beginning of the experiment, 
followed by slow release back into the system. This behavior is illustrated by high 
negative values of bromide-normalized MS2 attachment/detachment ratios and 
long breakthrough tails (Figure 19 and Figures 21 to 24). At later times, MS2 
behaved in a more conservative fashion, with little attachment occurring, as 
shown by near zero attachment/detachment ratios (Figure 19). MS2 and ionic 
tracer breakthrough profiles collected at the sampling port located at 56 cm 
indicated control of breakthrough by localized physical and hydrodynamic 
heterogeneity, illustrated by flattened breakthrough curves and slow arrival times. 
6 cm C/Co MS2 was found to be higher than Br C/Co at later times, most likely 
due to mobile-immobile pore water and rate-limited diffusion of Br into finer pore 
spaces. 
Nonisothermal soil temperatures did not affect MS2 concentrations during the 
experiment, but may be an important parameter to identify for predictive models. 
Physical Controls on MS2 Concentration Distribution 
Surface Area: 
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The main physical property affecting the transport of MS2 at this site appears to 
be the coarse particle size range, resulting in relatively small total surface area 
for adsorption, less mechanical dispersion and development of macropores. 
These conditions contributed to an overall reduction of the aqueous MS2 
concentration as transport distance increases, although to a much lesser extent 
than finer-grained soils. 
Surface area has been shown to be an important physicochemical soil property 
influencing surface reactions (Carter et al., 1986; Gerba, 1984). The interactions 
between viruses and sediment surfaces has been modeled using the Derjaquin-
Landau-Verwey-Overbeek (DLVO) theory based on particle (colloid) collector 
plate energy balances in a dispersive medium (Gerba, 1984). More surface area 
corresponds to a greater number of adsorption sites, increasing the potential for 
particle-collector plate interactions subject to Brownian (thermal) particle motion 
and the greater potential of overcoming the repulsive double-layer by the 
attractive van der Waals-London forces. 
In addition to particle size, soil mineralogy appears to play a role in virus 
adsorption. Clay minerals are considered effective in providing surfaces for MS2 
attachment (Sobsey et al., 1980; Burge and Enkiri, 1978; Yates and Yates, 
1988). The low FHS clay content (0.5%), combined with the small surface area 




In addition to the relatively low surface area value, a bi-modal particle size 
distribution of soils exist at the test site, most likely resulting in a dual-porosity 
system of sand-size pores and macropores related to areas dominated by gravel. 
Pore diameters ranging from 0.13 mm to 1.65 mm have been calculated from 
grain size data. Macropores are generally defined as being an order of 
magnitude larger than the finer soil matrix (Kirkby, 1988). These macropores 
have the potential to dominate the distribution and movement of soil water under 
near-saturated conditions. Soil cores obtained at the test site did not show 
obvious macropore development. The visual absence of macropores may be the 
result of coring methods (percussion) that could have obliterated macrochannels, 
and the relatively small core diameter of 3.8 cm. It should be noted that Poletika 
et al. (1995) documented the presence of macropores where no obvious soil 
structure existed. 
The effects of macropore flow and dual-porosity on tracer distribution is 
illustrated by comparing the breakthrough times and shapes of the ionic (CI" and 
Br-) and MS2 breakthrough curves at various depths below the injection point 
(Figures 21 to 24). The main evidence lies in the fact that all three tracers 
arrived at 121 cm prior to being detected at the 56 cm sample point. Also, the 
overall shapes of all three breakthrough curves from the 56 cm depth (Figure 23) 
are markedly different than breakthrough data above and below, with the 
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exception of long tails. At 56 cm, all three tracers exhibit sharp breakthrough 
fronts and flattened, broad peaks, suggesting a lower conductivity and finer-
grained material may surround the lysimeter cup. If finer-grained soils lie along 
the transport path of the tracers, pores are also narrower and more tortuous, and 
will have a higher moisture content than similar coarser material with larger pore 
spaces. The increase in moisture content in the smaller pores, nearly filling the 
available spaces for water flow, will then exhibit smaller matric potentials and 
gradients, while the capillary conductivity increases. The effect of smaller 
gradients is to reduce the rate of moisture transport, while an increase in capillary 
conductivity serves to buffer the reduction rate of moisture flow. 
Using reported parameters presented in Tables 1 and 2, the average pore water 
velocity under daily intermittent effluent discharge was found to be on the order 
of 0.3 to 1 0 cm/min, applying a steady-state Darcy's Law approach. A degree of 
uncertainty is associated with these values due to difficulties in measuring the 
field moisture content. However, these values are within the same order of 
magnitude of observed velocities given by tracer peak concentration arrival and 
analysis of effluent pulse data. At the 121 cm depth, all three tracer peaks 
arrived at least 235 minutes before they arrived at the 56 cm depth. MS2 
transport velocity at the 56 cm depth was 0.5 cm/min less than that recorded at 
the 121 cm depth. The rapid transport to 121 cm indicates highly heterogeneous 
soil material, indicative of a dual-porosity system containing macropores 
(Poletika et al., 1995). It seems reasonable, given the transport rates 
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discrepancies, that a portion of the injected tracers bypassed the 56 cm region, 
or that the sampling point at 56 cm was not installed in the main flowpath. 
By comparing breakthrough curves of the ionic tracers NaCI and bromide with 
MS2 breakthrough data (Figures 21 to 24), hydrologic controls on MS2 
movement are illustrated. All three tracers exhibited sharp breakthrough fronts 
and extended tails. Most likely the sharp concentration fronts are at least partly a 
result of macropore flow. The extended tails partly reflect a dual-porosity 
hydrologic system and the detachment of sorbed MS2 near the injection site as 
noted above. At all depths sampled, NaCI behaved the most conservatively 
(highest C/Co value) of the three tracers, showing a more symmetrical 
concentration distribution, perhaps due to the larger injectate volume (2.4 L 
more). Bromide, with the exception of the 56 cm depth data, behaved 
conservatively relative to MS2, revealing similar curves. MS2 appears to have 
arrived prior to bromide at each sampling point with the exception of 56 cm, 
indicated by bromide-normalized 'A' values. Pore size exclusion has been 
hypothesized by Deborde et al. (1998b) to account for bacteriophage peak arrival 
prior to bromide in high-velocity groundwater systems. Based solely on the 
shape of the bromide curve, it appears bromide is undergoing more dispersion 
than is MS2. Hence, MS2 is following the shorter average pathways. 
Sample Location Issues: 
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The dispersive nature of the porous media also would be expected to reduce 
MS2 concentrations during transport by mechanically spreading the tracer 
volume both longitudinally and transverse to the flow. Because the lysimeter 
array was limited to a one-dimensional investigation, the transverse dispersion of 
MS2 mass could not be directly observed. As a consequence of the lack of data 
transverse to the primary vertical flow direction, it was also impossible to 
determine whether the position of the vertical lysimeter array was aligned to 
capture the main mass of injected tracer. If any or all of the lysimeters were not 
aligned along the primary (vertical) flowpath, artificially low peak tracer 
concentrations would be observed and large values of dispersion would be 
estimated. Test site plan view (Figure 5) of instrumentation locations relative to 
the drain line indicates that some of the instruments (TH array, M/T array) may 
be offset up to 100 cm from a vertical travel path located directly beneath the 
injection point. 
Hydraulic Controls on MS2 Concentration Distribution 
It appears that pulses of effluent to the test site region was the primary controller 
of soil water distribution patterns. The complex effluent loading history most 
likely dominated the overall distribution of MS2 observed during the experiment. 
The multiple fluxes of effluent through the soil profile diluted MS2 concentrations 
and enhanced dispersion and macropore flow patterns. 
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Effluent Pulses: 
Once the tracer solution was added, a mixing of effluent and injectate solution 
resulted, as evidenced by the measurable height of water in the effluent 
monitoring station data. Figure 18 depicts individual effluent pulse magnitudes, 
measured from the effluent monitoring station during the experiment. Because 
application of the injectate water was at a rate greater than the calculated 
saturated hydraulic conductivity of 1.0 cm/min it appears that the geometry of the 
cobble-lined drain trench acts as a reservoir for effluent retention. Effluent pulses 
also serve to increase the degree of hydrodynamic dispersion of MS2 as the 
cyclic wetting front fills a higher number of pores. This results in a more 
continuous film of water that would allow for an increase in the number of 
pathways available for transport through the soil matrix. During the virus seed, 
up to 13 effluent pulses related to the normal operation of the drainfield were 
measured. Assuming piston-type-displacement flow of each infiltration pulse 
(Tindall and Kunkel, 1999), the cumulative infiltration depth from each pulse is 
approximately 540 cm. Using a total transport length of 290 cm, the soil water 
would be exchanged at least once in a 24 hour period under normal operation 
(Figure 18). Apparently, seeded MS2 associated with the infiltrating wetting front 
is then forced through the soil profile by cumulative displacement fronts. 
Additional evidence for a dual-velocity, dual-porosity flow system is illustrated by 
examining how adding an injectate volume of 15.2 L (NaCI) and 12.8 L 
(MS2/bromide) to the vadose zone affected transport. The possible effect of the 
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injectate solution volume is to increase the likelihood of macropore flow, adding 
to the overall magnitude of soil water movement driven by normal effluent 
displacement flow. The presence of water at the MV-1 250 cm depth sampling 
port documents arrival of the injection solution wetting front (Figure 12). The 250 
cm depth sample port is a 0.3 cm diameter mesh-wrapped plastic tube, 
surrounded by collapsed, unsaturated native soil. MV-1 was designed for 
groundwater sampling. It was not intended or designed to sample vadose soil 
water. However, water was collected during the NaCI tracer test and the next 
day MS2/bromide seed using a constant vacuum peristaltic pump. Apparently, 
as the advance of a near-saturated zone of infiltrating water (wetting front) 
reached the 250 cm sample port, infiltration water was pulled into the sample port 
due to the vacuum exerted by the sampling pump. Because testing of the 
sample port occurred within 30 minutes of injection, a reliable wetting front 
velocity of the MS2/bromide tracer injectate was obtained. Using the time of the 
first sample event, infiltration velocity was computed to be on the order of 1.12 
cm/min, much higher than computed infiltration rates of effluent pulses (0.03 
cm/min to 0.39 cm/min). Given the elevated velocity and volume of injectate, 
macropore flow is assumed to govern the movement of ionic tracers and MS2 to 
at least 250 cm of transport distance. 
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Chemical controls on MS2 Concentration Distribution 
In addition to the physical and hydraulic factors, chemical factors including 
organic carbon content and ionic strength of the soil water are important in 
controlling the rate and degree of the attachment-detachment process observed 
during the course of the experiment. Chemical influences are most likely 
embedded in breakthrough data (Figures 21 through 24). 
Organic Matter Effects: 
MS2 attachment-detachment to organic matter in sandy soils has been observed 
by Sobsey et al., (1980), with detachment occurring in low ionic strength 
solutions (Lance et al.,1976; Landry et al., 1979. Attachment of MS2 to organic 
particulates or colloidal material may have held up a portion of the MS2 in null-
velocity regions or dead-end pore spaces, possibly within the 10-20 cm organic 
matter enriched layer (biomat) observed within the cobble zone. Subsequent 
effluent pulses may serve to detach MS2 from organic particulate surfaces. 
Organic carbon of effluent is highly variable, ranging from 7.3 - 158 mg/L (Table 
4), generally decreasing with depth. A bacteriophage seeding experiment 
conducted within the underlying groundwater by Deborde et al., (1998b) 
suggested rapid attachment (minutes) and slow release in the vicinity of the 
organic-rich injection site. Rapid attachment and slow detachment in coarse 
soils correlates with other work on saturated and unsaturated virus transport in 
field sites (Schaub and Sorber, 1977; Powelson et al., 1993; Bales et al., 1995) 
and within laboratory columns (Bales and Li, 1993; Gerba et al., 1981; Lance et 
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al., 1976). These same researchers and others (Yates and Yates, 1985) have 
also found organic matter facilitating virus transport in sandy soils by competing 
for adsorption sites and coating of virion surfaces, thereby neutralizing the 
surface charge of the virus. The long term infiltration of effluent may have 
chemically-conditioned or coated the sediment surfaces, enhancing MS2 
transport. Powelson et al. (1991) cited decreased poliovirus removal in organic-
coated soils irrigated with sewage effluent for 40 years. It is plausible that daily 
fluctuations in organic matter content and ionic strength variations, influence MS2 
attachment-detachment rates at this site. A rigorous effluent sampling campaign 
linked to each effluent pulse would be needed to determine if a correlation is 
present. 
Ionic Strength Effects: 
The ionic strength of the sewage effluent may also have influenced the observed 
MS2 distribution. High ionic strength solutions reduce the thickness of the diffuse 
double layer of cations surrounding colloid (virus) surfaces, allowing the attractive 
van der Waals-Londons forces to dominate (Gerba, 1984), thereby promoting 
virus adsorption. Ionic strength calculations based on TDS concentrations 
(Langmuir, 1997) (Appendix I) of effluent average 0.009 mol/kg (Table 3), 
decreasing to 0.005 mol/kg at 121 cm depth. Appendix I provides further detail 
on ionic strength data. Ionic strength values from this site are typical of many 
domestic septic systems (Ver Hey, 1987). A study by Gerba and Bitton (1984) 
found increased virus attachment to soils saturated with wastewater than in the 
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same soils saturated with distilled water. Ionic strength of the effluent at this 
site is high enough to influence virus adsorption. Burge and Enriki found 0.02 
mol/kg was the optimum ion concentration for virus adsorption to various soils. 
Sobsey et al., (1980) found enhanced virus adsorption with a divalent solution as 
low as 0.001 mol/kg. Temporal and spatial ionic strength variations are 
presumed to be controlled by the daily pulses of effluent to the subsurface. 
Chemical influences on MS2 transport behavior may have been a primary 
controlling factor within the immediate region surrounding the drainpipe, which is 
under the greatest influence from a fluctuating effluent source chemistry. 
Introducing the concept that each effluent pulse is a 'parcel' of solution containing 
a unique chemistry signature and a defined wetting zone thickness, interaction 
of each parcel with MS2 could result in fluctuating attachment-detachment rates. 
If each effluent parcel has a different ionic strength and organic matter content, 
MS2 transport behavior would be affected. Order of magnitude differences in 
effluent organic matter were documented at this site, as well as ionic strength 
variations. It seems plausible that variations in effluent chemistry between each 
effluent pulse could account for some part of the observed slow release of MS2 
and fluctuating tails. A more rigorous sampling campaign timed to each effluent 
pulse event would be required to test this hypothesis. 
In an attempt to examine the location and timing of the attachment-detachment 
process, the normalized difference of Br and MS2 concentration ratios relative to 
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the bromide ratio versus time ('A'-values) were generated (Figure 19). Figure 
19 suggests time-dependent positive 'A' values between 6 and 121 cm of 
transport, indicating that less MS2 is present in a mobile state relative to 
bromide. The transition at later time to negative 'A' values suggests MS2 is 
enriched relative to bromide, presumably a result of physical and hydraulic 
mechanisms discussed earlier (particle size distribution, macropore flow) and soil 
water chemistry fluctuations. In a general sense, it appears that more MS2 has 
been attached-detached within the first 6 cm of transport. This is supported by 
the observation that all MS2 breakthrough data exhibit pronounced tailing, 
indicative of a slow release back into a mobile state. 
Individual bromide normalized C/Co MS2 ratios at each sample depth are 
presented in Figure 20. With the exception of 3 and 6 cm depths, a general trend 
from positive to negative values then neutrality (Figure 19) indicates that MS2 
attachment is greatest at earliest times. As time passes, however, MS2 
concentrations increase relative to bromide. The reason for this trend may be 
that MS2 held up near the injection site is slowly being released back into the 
system from the injection site area by the pulsing of effluent (near-zero 'A' values 
around 400 minutes). Also, further from the injection area, the more equal C/Co 
ratios of MS2 and bromide (near neutral 'A' values) suggest that there is little 
additional attachment occurring with continued transport, and that MS2 is 
behaving more like bromide (i.e. 'mass conserving') near the end of the 
experiment. As transport length increases, it appears chemical influences 
40 
decrease while physical and hydraulic mechanisms become more important 
(promoting less attachment) with later time and transport distance. Ball et al., 
(2000) also found negative 'A' values in an experiment using multiple viruses in a 
coarse-grained aquifer. The negative 'A' values suggest physicochemical and 
hydrologic mechanisms may be combining to enhance MS2 transport. 
Role of Soil Temperature Gradient on MS2 Concentration Distribution 
Inactivation has been found by numerous researchers to depend on a host of 
variables with temperature being the single most important factor (Yates et al., 
1985, Powelson et al., 1990;). For MS2, the inactivation rate can be calculated 
from (Yates et al., 1985): 
Inactivation rate (logio#/day) = -0.181 + 0.0214T(°C) 
Inactivation rate is a measure of the amount of virus rendered non-infective, 
presumably caused by thermal destruction of its protein shell. Inactivation rates 
(logio#/day) based on the soil temperature distribution during the virus seed 
ranged from 0.22 (injection site) to 0.11 (200 cm depth). These values are within 
the range of reported MS2 inactivation rates of 0.02 up to 0.58 (Yates et al., 
1985). Over the course of the experiment (20 hours), inactivation is negligible. 
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The presence of a soil temperature gradient during the seeding experiment 
may have implications for use of linear adsorption isotherms to describe virus 
adsorption in a field setting. Langmuir and Fruendlich first order isotherms are 
commonly used to describe the removal of viruses by attachment to soils (Gerba, 
1984; Yates and Yates, 1985). That a soil temperature gradient exists between 
the injection site and top of the groundwater surface would seem to preclude use 
of linear isotherm models at this site and similar field settings. Appendix 0 
provides complete details. 
The mass variances of MS2/Br observed near the injection site (3 and 6 cm 
sample points) are most likely controlled by a combination of the factors 
discussed in preceding sections, such as sampling array alignment, small scale 
porous media differences controlling bromide diffusion, pore size exclusion of 
MS2, and the conditions at each sample point. The 3 cm sample port is within 
the saturated drainline trench, while the suction lysimeter at 6 cm is within the 
less-than-saturated interface of the base of the trench, native soils, and is 
overlain by a biomat layer. 
In summary, MS2 transport appears to be dominated by rapid attachment near 
the injection site, governed by organic matter and ionic strength variations. At 
later times and distance from the injection site, it appears physical and hydraulic 
mechanisms control the observed distribution of MS2. 
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Using a risk-based concentration in typical septic system effluent of 10,000 
pathogenic virus/L (suggested by the EPA (1992)), after transport through the 
FHS vadose zone, 100 virus/L (-2 to -3 logio/2.6 m reduction rate) would enter 
the underlying groundwater system. This is compared to an MS2 reduction rate 
of -1 logio/2.5 m of transport observed by DeBorde et al. (1998a) in the 
underlying groundwater system. The U S. EPA has proposed a health goal of 
less than 1 virus per 10,000,000 L at a water supply wellhead, based on one viral 
infection/10,000 people/year of water use (U.S. EPA (1992)). This leaves the 
groundwater system as the principle "natural disinfection" agent, as only limited 
treatment would occur in the vadose zone. 
Engineering methods that could be used to enhance removal of viruses in 
conditions similar to this study include increasing the vadose soil thickness or 
mechanical disruption of soils below the drainline to negate natural soil structure, 
thereby facilitating hydrophobic interactions between virus and soil matrix 
(Reneau 1989; Yates et al. 1987; Bales and Li 1993). Artificially raising the 
temperature of sewage water prior to subsurface entry would serve to increase 
inactivation rates. Introduction of a clay/fine-sand mixture beneath drain lines 
would serve to enhance the adsorption capacity, slow infiltration rates of effluent 
and increase the contact time between virus and soil matrix. Introduction of a 
high ionic strength solution to the effluent stream over the life of the septic 
system might enhance adsorption to even coarse-grained sandy soils, by 
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reducing the double layer thickness and allowing van der Waals-London forces 
to dominate particle (virus) attraction to soil surfaces. 
10.0 CONCLUSIONS 
The inherent dynamics of a periodic effluent-loading history, heterogeneous soil 
structure and effluent chemistry control virus transport under an active drainfield. 
Movement of MS2 through 290 cm of transport in a gravelly-sand vadose zone 
resulted in a 2-3-log reduction from the seeded concentration. Virus removal 
appeared to occur almost immediately, within the first 6 cm of transport, while 
60% of MS2 was removed relative to bromide over 121 cm of transport. 
Attachment to the sediment is proposed as the primary removal process. MS2 
behaved similar to bromide with increased time and transport distance. At this 
site, the sandy nature of the sediments and short travel distance to the water 
table suggest only limited removal or inactivation of virus from the septic effluent 
in this vadose zone. The contribution of macropores to preferential virus 
movement cannot be overlooked as a major factor influencing virus transport. 
Also, organic matter associated with effluent discharge and biofilm accumulation 
may be a primary element in initial adsorption and desorption of viruses over 
time. As transport time and distance increase, it appears chemical influences 
decrease while physical and hydraulic mechanisms become more important at 
later times and greater transport distances. 
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The measured soil temperature field reveals a thermal gradient on the order of 
0.03 °C/cm, a maximum soil temperature contrast of 7.02 °C. This results in 
inactivation rates up to 0.22 log10#/day, consistent with published values of MS2 
inactivation rates. However, inactivation is considered negligible over the short 
duration of the experiment. Presence of nonisothermal conditions associated 
with effluent pulses from multi-user systems should not be overlooked. This 
cautions use of Freundlich or Langmuir isotherms to describe 1st order virus 
adsorption in this type of setting. 
From an engineering standpoint, coarse-grained septic leach fields are 
considered desirable with respect to their high permeability, allowing effluent to 
readily percolate through these soils. However, from a health risk viewpoint, the 
low disinfection ability of these types of vadose zones, combined with a proximal 
water table, do not engender confidence in their ability to adequately negate the 
risk of human infection by pollution of underlying groundwater supplies. 
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Table 1 
Physical Properties 
Thickness of zone (cm) 290 - 409 





dso grain size (mm), with gravel 5.0 
fraction 
dso grain size (mm), gravel fraction 0.39 
omitted 
dso pore size, (mm), with gravel 1.67 
fraction 
dso pore size (mm), gravel fraction 0.13 
omitted 
Specific surface area (m2/g) 0.0174 
Uniformity coefficient 32 
Porosity (%) 0.22- 0.50 
Average Porosity (%) 0.32 
Tortuosity (-) 0.23 
Table 2 
Hydraulic Properties 
Residual volumetric moisture content, 0r, (-) 0.023-0.040 
Saturated volumetric moisture content, 0S, (-) 0.19-0.23 
Average field volumetric moisture content, 0f, (-) 0.15 
Average effective degree of saturation, Se, (-) 0.61 
Macroporosity factor, A, (-) 3.16 
Matric potential, h, (-cm H2O) 10-198 
Soil water potential gradient, (-) 0.09-0.71 
Capillary conductivity, Kuns(0f), (cm/day) 
(where 0f = 0.15) 0.12 
Saturated conductivity, K(0S), (cm/day) 
(where 0S = 0.32) 1.0 
Table 3 
Selected Soil-Water Chemistry Parameters 
Monitor Temp, °C PH DO, mg/L Conductivity NH4-N, NO3-N, NO2-N, Organic 
point (depth mS/cm mg/L mg/L mg/L carbon 
below content 
injection) mg/L 
Drain line 7.8-14.1 6.6 -7.4 <0.1 - 4.8 1.01-1.29 56.9 -62.0 <0.75 - 0.90 <0.1 17.34 
Effluent 
0 cm 
6 cm 7.9-12.7 6.4-7.6 0.6 - 7.5 0.910-1.278 32-53.8 2.2 - 72.2 <0.1-1.10 158 
soil water 
56 cm 7.3-14.1 5.7 - 7.5 1.5-7.4 0.660-1.040 0.16-0.20 17.2-62.2 <0.1 7.5 
soil water 
121 cm 9.0-14.8 6.0 - 7.0 0.3 - 4.3 0.580-1.280 2.5-17 8.9 - 50.1 <0.1 - 0.20 10.7 
soil water 
Ground 7.8-11.7 5.6 - 6.9 0.2-1.2 0.66 - 0.99 0.4-1.5 27.6 - 50.3 <0.1 7.3 
water 




Background Male-specific Coliphage at test site 1 
PFU/mL 
Date 4.26.99 5.11.99 5.27.99 
Drain Line 
Effluent: 
3 cm 1020.00 220.00 671.00 
Soil Water: 
LSS1 - 6 cm 12.30 0.44 5.50 
LSS2- 56 cm <1.0 <1.0 <1.0 
LSS3-121 cm <1.0 <1.0 0.11 
Groundwater: 
M15-290 cm <1.0 0.33 16.70 
Table 5 
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Tracer Breakthrough Velocity 
cm/min 
MS2 Bromide NaCI 
depth 
6 cm 0.075 0.05 0.13 
56 cm 0.1 0.09 0.11 
121 cm 0.58 0.67 0.42 
250 cm no data no data 0.39 
wetting front arrival at 250 cm port: 
NaCI: 0.79 
MS2/Br: 1.14 
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Figure 8. Historical Soil Temperature Distribution 
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Figure 10. Groundwater Chloride Plume and Locus near 
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65 Figure 11. 
NaCI Conductivity Tracer Test 
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Figure 12. NaCI breakthrough-250 cm 
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Figure 19. 
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74 Figure 20. Individual Bromide normalized C/Co MS2 ratios 
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Installation of instrumentation and acquisition of soil cores at the Frenchtown 
High School research area were performed with a truck-mounted Geoprobe 
model 5400 hydraulic probe rig. Considerable difficulty advancing the tool string 
was encountered due to the presence of coarse native soils and cobble-
dominated trench area surrounding the test site drainline. As a consequence, 
placement of tensiometers, thermistor arrays and moisture blocks could not be 
placed immediately adjacent to the drainline. An offset up to 130 cm was 
required in some cases to reach the desired installation depth. 
Soil cores using the macrocore sampling equipment were obtained where 
subsurface conditions allowed. The coarse gravel dominated soils prevented a 
continuous, undisturbed soil profile. Macrocore sampling tools were used. In the 
instances when samples were obtained, driving the 122 cm long macrocore 
barrel resulted in samples of only 10 cm to 90 cm. Soil cores were taken from 
numerous places around the test site at various depths. The amount of coarse 
gravel prevented advancement of the percussion-driven tool string in many 
cases, resulting in poor soil cores and less than optimum instrument placement. 
The lack of representative, undisturbed soil samples below the drainline depth 
placed restrictions on the number of destructive soil tests that were performed. 
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The stainless steel lysimeter array (LSS1, LSS2, LSS3) was aligned directly 
beneath the drainline by angle driving the casing at specific angles. Tremied 
silica flour slurry around each lysimeter cup, followed by collapsed formation and 
a bentonite surface seal completed the installation. The objective of the angled 
lysimeters was to place them in a vertical alignment for tracer experiments at the 
above drainline. 
Tensiometers were emplaced by driving the casing to the desired depths, placing 
the tensiometer barrel inside the casing, and removing the casing as tremied 
silica flour slurry was emplaced around the tensiometer cup. Native soils were 
allowed to collapse into the borehole, capped by a bentonite surface seal. 
Thermistor and moisture block arrays were installed in a similar manner. 
Information and specifications of the Geoprobe machine and drilling tools used 
during this study are attached. Additional information of drilling equipment can 
be obtained by contacting the manufacturer directly or visiting their website at: 
http://www geoprobesystems.com. 
hrtp: ^ww.geoprobesystems.com/ 5400desc him 
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Powerful. Durable. Mobile. 
The Model 5400 is our most popular unit, powered by a 
dependable hydraulic system which Geoprobe $ installs on the 
vehicle engine. The 54-inch (1372 mm) stroke accepts all lengths of 
Geoprobe £ probe rods. Lateral movement of the unit provides tor 
offset placement of the probe without moving the carrier vehicle. A 
heavy-duty steel frame and dual extend tubes add stability to probing 
operations. 
The Model 5400 has a lot of pulling power; 25,000 
pounds (11 lkN) of it! It's our experience that you'll 
need all this power as the Model 5400 allows you to 
probe deep through dense soils. 
Model 5400 Specifications 
Stroke 54 ia U72mm 
Weight 1 >80 Its, 7JJ Kg 
wiirtj 47 :a 1194 mm 
74 fa 1480 mm 
Cfc <Jwli 4Ca 1016 mm 
Height IirfoJcel 123 In. 3124 mm 
L<ite*<jl Wcwnen: saie-oad*) 47 a 1194 mm 
Foo< Tfo*d »:a **1mm 
20 a SOS mm 
Cylinder D arvts- 4 ft. 102 mm 
Don*n Fcrci 15,000 lbs. JOIN 
Rrtracfoo :ir* 25,000 lbs. HUM 
'system) 2,000 138 b* 
HydrWifcF'c* RsU Jjys:2TV 10 gprti »lpm 
karrunw Syst*~> CH40 
PeKusshn Rate JO Hi 
lorqu* (KirTT»«rroO'] J45fLl». 468 Nm 
RotJtfon ̂ te»h*rmer 125rpm Ibidirtctfofial) 
Ooor fjr (m'n ] 49 :a 124S mm 
Geoprobe® Model 5400 Features ... 
• 54-inch (1372 mm) stroke 
• 25,000 pounds (11 lkN) pulling 
capacity, the pulling power you'll 
need for today's deep probing 
projects. 
• Longer stroke affords additional 
space under the probe shell for 
using longer probe rods and for 
attaching and removing tools. 
• Equipped with GH-40 Soil Probing 
Hammer 
• Dual extension tubes give probe 
stability 
• Lateral movement for offset 
placement of probes 
• Hydraulic tilt for angle probing 
• Hydraulically-powered from the 
vehicle engine 
ll GMMDvebt A«I1ahi 11 nwyuBi i.y 
More questions? Request free information here or give us a call at I-8OO -GEOPROBE (785-825-1842 
outside the t S ) between 8 a m. and 5 p.m. Central Standard Time. We look forward to hearing from 
whV 
I  t o -00  10  06  PM 
(icoprobeK \1auro-CorcK Soil Sampler http uw u. geoprobcsvstems.com/mcdtfsc.htrri 
Hc»vy-iluty. coiiliiiiiaus coring 
Macra-Ctre Sail SanRfcr 
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The Macro-Core® Soil Sampler has brough 
continuous coring into the realm of probing. 
This beefy sampling tool retrieves a 48-inch 
x 1 5-inch diameter sample and can be used 
with several types of liner materials. The 
Macro-Core® Sampler continues to look 
deeper and deeper for soil cores. It is 
typically used to depths of 30 to 60 feet but 
has reached depths exceeding 100 feet in 
optimal conditions. 
Macro-Core ") Features include: 
Optional closed piston t ip (shown in r ight  photo) 
Thicker.  Nickel-Plated sample tube,  48-inch x 2-inch 
diameter (1220 mm \  5 1 mm). 
Can be used as an open sampler or  fi t ted with a  
closed piston 
Replaceable,  hardened tool steel  cutt ing shoe 
Removable l iners 
° PYl 1 clear) 
o S; i:n!css Steel 
o I'll! (Teflon*) 
° IT ki :e!ear plastic) 
1 
Mt >rc qucsti. 'lis" Request \our live information here or just give us a call at I-8OO-GEOPROBE or 785-825-1842 between 8 
a ni aiu! 5 p m Central Time. We look lot ward to hearing from vou! 
Pr<xkicts , Free'Info Order OrJine Company Profile Email Us 
l'lus p.ige L-a leMsed Ma\ 2N il)VS, 
M.icm-lorc* i- •• 11.Kiciii.uk oI Kcir lnc 
I ol I I 10 00 10:09 PM 
Macro-Core Piston Rod Drawing http://wAw.geoprobesystems.com/mcprdwg.htm 
Macro-Core® Piston Rod Sampler 
U S Patent No 5,186,263 
The Macro-Core R Soil Sampler works best in medium- to fine-grained cohesive materials 
such as siltv elav soils or sediments. A core catcher is available for sampling in sands and 
other non-cohesive soils The depth to which you can drive this sampler is limited only 
b\ soil conditions and the number of probe rods you have! 
Extension Rod with. 
Halo Quick Link 
MC Extension Rod 
Qii kk Link Connector 
MCDriv«H«ad 
MC Step-Phi AttMHfely 
MC Slop-Pin Coupbr MC PVC or PETG Lino* 
Cor* C«tdi«r shown, 
or Spa cor Ring 
MC Pfeton Rod Point Asumbty 
The MC Piston Rod System has few parts which make 
it user friendly, easy to decon, and easy to maintain. 
http:/."vvAv\v. geoprobesystems.com/whatisge.htm 




A Geoprobe® is a hydraulically-powered, percussion/probing 
machine designed specifically for use in the Environmental 
Industry. The first Geoprobe® brand machine was built for 
the Environmental Protection Agency in 1988. 
Soil probing techniques can be thought of as a subcategory of what are commonly 
referred to as "Direct Push" techniques. Direct Push refers to tools and sensors 
that are "pushed" into the ground without the use of drilling to remove soil or to 
make a path for the tool. A Geoprobe ® relies on a relatively small amount of 
static (vehicle) weight combined with percussion as the energy for advancement 
of a tool string. 
Using a Geoprobe you can drive tools to obtain continuous soil cores or 
discrete soil samples. You can drive samplers to obtain groundwater samples or 
vapor samples. You can insert permanent sampling implants and air sparging 
points. You can drive a conductivity sensor probe to map subsurface lithology. 
You can install small diameter monitoring wells. In fact, the Geoprobe1!) has been 
used to perform many of these functions to depths of 100 feet (30m) or more 
where the geology and soil conditions are appropriate. 
You will find Geoprobe R equipment all around the world where it is used for 
UST investigations, property audits, Superfund sites, remediation projects, and 
research. Its uses are as diverse as its users. 
low does a Geoprobe work? 
So i l  p rob ing  equ ipmen t  i s  typically used for site investigations to depths of 30 to 60 feet (9 to 18 m) 
depending upon soil conditions. However, this range is elusive and constantly increasing as better 
prching equipment is produced. Geoprobe® soil probing equipment has been used to depths 
exceeding 100 feet (30 m) in many areas of the United States and overseas. 
• Si ihc.uK pouet ed cuhcr from a vehicle or an auxiliary engine. 
• ! i - -..me Ktcc and (he d\ nannc percussion force of the awesome GH-40 Soil Probing Hammer to advance small 
• in ;!ie subsurface by application of weight and percussion to advance a tool string and produces no 
• ;• d- ugh >u: laee pavements 12 inches (305 mm) or more in thickness and probes beneath them. 
• : r coil.xiii.g ->oi 1 cores, groundwater samples, and soil gas samples. A probing tool is also available to 
:: - .!!••> • i- U'-j. m<i! conductivity and probe penetration rates. 
1 10/00 10:03 PM 
What is a (icoprobc K http www. ueoprobesystems.eomwhatisge.htm 
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Geoprobe® equipment has redefined the way sites are investigated in the Environmental Industry. 
In many areas of the country, Geoprobe?' machines and tools have displaced traditional drilling 
methods as the preferred mode of collecting subsurface samples. There are numerous reasons why 
Geoprobe® techniques have found such wide acceptance in the field. Among these reasons are the 
following: 
• No cuttings arc produced during the sampling process. 
• Probing is fast: typical penetration rates are from 5 to 25 feet i 2 to 8 m) per minute. 
• Mo'oih/ation is quick and economical 
• The sampling process is fast. 2<)-4(> sample locations per dav 
• Probing machines arc cas\ to operate and relatively simple to maintain. 
• Probing tooU create small diameter holes which minimi/e surface and subsurface disturbance. 
• GcoproK- k machines fold compactK and store in cargo vans or truck toppers where the unit and tools can be locked and 
secured 
• Geoprobe k machines have lower capital costs and are more economical to operate than rotary drilling machines and the 
lev el of effort and labor required for Geoprobe operation is much less than for conventional drilling. 
• (Icoprobc k machines can be used to sample subsurface media including soil, groundwater, and soil gas. 
Wanna Know More? Check out our machines and tools within this site, submit your 
information request here, or just give us a call at I-8OO-GEOPROBE (1-800-436-7762) or 
785-825-1842 between 8 a.m. and 5 p.m. Central Standard Time. We look forward to hearing from you! 
Hctr>* Fro<kKtv Fr  ̂Info Te«h $"*rvk« Cr-ckf Oriir>? Company Profile Email Us 
l op\right1' 1W»,-!»>'»•> h\ Kcjr. Inc. 
2 of 2 1 1 0  0 0  1 0 : 0 3  P M  
(icoprobc* I 25-indi Probe Rod S\steni http:'www.geoprobesystems.com/l25desc. htm 
1^5-inch Probe Bad Systen 87 
Geoprobe® 1.25-inch probe rods offer 
unmatched durability, fatigue resistance, 
and joint sealing along with a bore of 
sufficient size to run implants and logging 
cables. 
Geoprobe® 1.25-inch rods are 
manufactured exclusively by Geoprobe® 
Systems, all under exacting quality 
control procedures in order to assure that 
the product delivered to the field is the 
same product proven in field trials. 
Geoprobe® 1.25-inch Probe Rod benefits include: 
• Inside diameter is 0.625-inch (15.9 mm), a sufficient size to run implants and logging 
cables downhole 
• O-ring groove for a watertight seal at each joint. 
• Tapered end for easier joint make up. 
• Multi-lead design provides quick connections to standard Geoprobe® sampling and 
logging tools Joint make-up is 1-3/4 turn! 
• Geoprobe® proprietary rounded thread system, hardened for maximum durability. 
Patent Pending 
Geoprobe k Svstems also carries 1 0-inch and 2 125-inch probe rods. Request our Tools & Equipment 
Catalog tor more free information about any of these products or you may give us a call at 
I-8OO-GEOPROBE or 785-825-1842 between 8 a.m. and 5 p.m. Central Standard Time. We look 







Lysimeter Specifications, Installation and Operation 
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A total of three soil water samplers (lysimeters) were installed below the test site 
drainline within the unsaturated zone. The purpose of the lysimeters was to 
collect information regarding migration of injected tracers, bacteriophage MS2, 
and soil water chemistry. 
Suction lysimeters collect soil pore water from unsaturated soils. A constant 
vacuum or suction head is created within the lysimeter collection chamber that is 
greater than the suction, tension or negative pressure head of the surrounding 
soil water, thereby drawing pore water into the lysimeter. A vacuum pump brings 
the sample to the surface for collection. Porous ceramic chambers are 
commonly used for sample collection, ranging in diameters of 1 cm up to 4 cm. 
Sample volumes vary according to the soil type and moisture content. The 
period required to collect a sufficient sample volume also is site specific, ranging 
from hours to several days. A typical ceramic cup suction lysimeter is illustrated 
in Figure 1. 
Lysimeters used for this research were constructed of porous stainless steel, 
single chambered, model SW-074, available from Soil Measurement Systems, 
Tucson AZ. The stainless steel lysimeters do not interact with viruses, as do 
conventional ceramic lysimeters (Powelson, et al., 1993). 0.3 cm plastic tubes 
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are attached to each outlet and brought to the surface, protected within a 2.5 
cm diameter schedule 40 PVC pipe. Flexible, dedicated sample tubing for use 
with a peristaltic pump are attached to each plastic outlet tubes. Specifications 





















Figure 1. Typical ceramic cup lysimeter design. 
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The stainless steel lysimeter array (LSS1, LSS2, LSS3) was aligned directly 
beneath the drainline by angle driving the casing at specific angles. LSS1 was 
positioned 125 cm below land surface (bis) using a 76° angle from horizontal and 
a 129 cm driven length. LSS2 required a 68° angle and 196 cm of driven casing 
to reach 175 cm bis, directly underneath LSS1. LSS3, placed beneath LSS2, 
used a 59° angle and 280 cm to reach the desired depth of 240 cm bis. The 
objective of the angled lysimeters was to place them in a vertical alignment for 
tracer experiments at the above drainline. Figure 2 depicts the location of each 
lysimeter relative to the drainline. 
Each lysimeter was surrounded with tremied silica flour slurry as the casing was 
removed. Due to the coarse native soils, and the increased porosity that would 
result if allowed to collapse around the lysimeter cup, the silica flour slurry served 
to maintain a continuous hydraulic contact between the lysimeter wall and native, 
undisturbed soils. Establishment of hydraulic communication between lysimeter 
and native soils is essential to obtaining reliable soil water samples. Collapsed 
native soils around the extension PVC pipe and a bentonite surface seal 
completed the installation. 








water table-260 cm 
injection site-0 cm 





Soil Measurement Systems 
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Information on the use of Suction Lysimeters 
(model SW-074) 
It is recommended to clean the porous part of the lysimeter before installation 
as follows: 
Flush with 70% isopropyl or denatured alcohol and rinse with distilled or 
deionised water. 
It is very important to test the lysimeter assembly (connections between 
unions and tubing), to make sure all connections are airtight, before 
installing the lysimeter in the soil. 
The porous part of the lysimeter should be in good contact with the soil. 
In shallow moist soil, the lysimeter can be pushed into the soil. For deeper 
installation a hole should be made , a little larger than the lysimeter diameter. 
The last amount of soil out of the hole should be sifted and made into a 
slurry, then put back into the hole and the lysimeter should be pushed into 
the slurry to insure good contact. 
The lysimeter outlets are connected with a union to 1/8" tubing (or with a 
step-up union to 1/4" tubing). 
One tube is then connected to a vacuum source, with in between 
a collection bottle, for sample collection. 
A second bottle can be installed to prevent water from entering the vacuum 
pump. (Water will damage the pump inside). 
The second tube is closed during vacuum application. It is opened to remove 
the last amount of liquid in the system. 
A constant vacuum is applied during sampling. 
Sampling time depends on the moisture content of the soil. 
S O I L  
M E A S U R E M E N T  
S Y S T E M S  
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Suct ion Lysimeters 
Suct ion  l ys imeters  co l lec t  pore  wate r  f rom 
unsa tu ra ted  so i l .  A  cons tan t  vacuum source  
d raws pore  wate r  in to  the  l ys imeter  th rough 
a  porous ,  s ta in less  s tee l  membrane.  Pore  
wate r  samples  a re  b rought  to  the  sur face  
by  app ly ing  vacuum or  p ressure .  Suc t ion  
Lys imeters  a re  mos t  su i tab le  in  mo is t  so i l  
( tens ion  less  than  500  mbar )  and  can  a lso  
be  used  be low the  water  tab le .  
F e a t u r e s :  
•  Al l  welded 316 stainless steel  construct ion 
•  No glue or plast ics 
•  Suitable for  organics and most inorganics 
•  Separate upper chamber for sample 
storage (model SW-070) 
•  One way stainless steel  valve prevents 
back f low from storage chamber to 
sample chamber (mode! SW-070) 
•  Strong and durable.  Sui table for  instal lat ion at  
great depths 
•  500 mbar bubbl ing pressure 
•  Opt ional  bat tery powered vacuum pump (SW-073) 
S W - 0 7 0  S W - 0 7 1  S W - 0 7 4  
S p e c i f i c a t i o n s :  
i SW-070 SW-071 SW-074 
Tota l  length ( in)  18.0 10.7 4.5 
Porous s tee l  length ( in)  i  3 .7  3 :7  3.7 
Outs ide d iameter  ( in)  2 .0  2 .0  .875 
00 SS out le t  tub ing ( in)  !  .250 .250 .125 
Length SS out le ts  ( in)  i 4 and 6.5 4  and 6.5 6  and 11 
M o d e l s :  
SW-070 Dual chamber 
SW-071 Single chamber 
SW-074 Smal l  s ingle chamber 
US PATENT NO: 5035149 
^05 3 .MoOr 
Suction Lvsiinoters http: wAVAv.home.earthIink.net -soilmeasure html suction Jysimeters.html 








Ail stainless steel suction lysimeters collect 
pore water from unsaturated and saturated 
soils. A constant vacuum source draws 
pore water into the lysvneter throng a 
porous, stainless steel membrane. Pore 
water samples are brought to the surface 
by applying vacuum or pressure. A battery 
powered vacuum pump available from 
SMS can be used tor this purpose. Suction 
lyaimeters are most efficient in moist soil 
(tension leas ihan 300 mbar) and can also 
be used below the water table. Each 
lysimeter Is made of 316 stainless steel, 
which makes it particularly suitable for 
determining the presence of organic* and 
vima in soil and ground water. The units 
are strong and can be Installed at great 
depths without damaging the sampler. 
US Patent No. 5085149 
[Home] [Tension Infiltrometers] [Suction Lysimeters] [Tensimeters] [Cone Penetrometer] [Flow Cells 
l of I I 12 00 8:20 AM 
•  U A L  C H A M B E R  C M o d e l  S W - 0 7 0 )  
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The dual chamber lysimeter is recommended for sampling, 
unsaturated or saturated materials at depths greater than 
10 feet (3 m). 
Hand pressure pump Two-way valve 
or clamp 
Dur ing sampl ing,  vacuum is  appi .e  
l ine,  whi le  keeping the f lu id  re tur -
opt imum vacuum is  about  300 mci  
wi th  the bat tery  powered vacuurr  ;  
Systems (Model  SW-073) .  The pa ' '  
draws pore water  in to  the lower  c~;  
through i ts  porous s ta in less s tee l  / .  
in to  the upper  chamber  where i t  s  
to  the sur face by apply ing pos i t ive 
p r e s s u r e  l i n e  a n d  o p e n i n g  t h e  f\u<z 
up to the sur face and in to  a  co l lec :  
check va ive prevents  back f low c"  
chamber  in to  the lower  chamber  a"  
lys imeter .  Sampl ing durat ion depe~ 
requi red,  the so i l  type,  and the so i l  
t imes can vary  f rom less than 1  hc i  
1  day in  dr ier  so i l .  
to the vacuum/press- 'e  
ne c losed.  For  mois t  so i l  the 
Vacuum can be succeed 
: .mp f rom Soi l  Measu 'ement  
a 1  vacuum in  the lys i r -e ter  
- iber  of  the lys imeter  
2.1s.  From there i t  is  d 'a .vn 
s tored.  The f lu id  is  br ight  
: ressure to  the vacuu^ 
-eturn l ine,  forc ing the ' " 'u id  
^n bot t le .  A s ta in less s tee l  
:ne f lu id  f rom the uppe r  
d the so i l  around the 
ds on the amount  of  sample 
mois ture content .  Sampl ing 
^r  m wet  so i l ,  to  more than 
Co'iectior 
SINGLE CHAMBER CModel SW-071) 
JVJV valve 
clamc 
Col lec t  
Porous stee 
The single chamber lysimeter is recommended for sampling 
down to 10 ft (3 m). 
Dur ing sample co l lec t ion,  a  constant  vacuum is  appl ied to  the 
lys imeter  through the vacuum/pressure l ine,  whi le  keeping the 
f lu id  re turn l ine c losed.  For  mois t  so i l  the opt imal  vacuum is  
about  300 mbar .  Vacuum can be suppl ied wi th  the bat tery  
powered vacuum pump f rom Soi l  Measurement  Systems (Model  
SW-073) .  The par t ia l  vacuum in  the lys imeter  draws pore water  
in to  the lys imeter  through the porous s ta in less s tee l  wal ls  o f  the 
upper  par t  o f  the lys imeter .  The f lu id  is  brought  to  the sur face 
by apply ing pos i t ive pressure to  the vacuum/pressure l ine and 
opening the f lu id  re turn l ine.  The appl ied pressure forces the f lu id  
up to  the sur face and in to  a co l lec t ion bot t le .  Sampl ing durat ion 
depends on the amount  o f  sample requi red,  the so i l  type,  and the 
so i l  mois ture content .  Sampl ing t imes can vary  f rom less than 
1  hour  in  wet  so i l ,  to  more than 1  day in  dr ier  so i l .  
SMALL SINGLE CHAMBER CModel SW-Q74) 
The small single chamber lysimeter is recommended for sampling 
down to approximately 5 feet (1.5 m). It has a bubbling pressure 
of 700 mbar. 
One of  :ne two 1/8"  OD sta in less s tee l  out le ts  can be connected wi th  
tuc ing :z  a vacuum source,  wi th  a  co l lec t ion bot t le  in  bet .veen.  
Vacuur-  can be suppl ied wi th  the bat tery  powered vacuum pump f rom 
Sen Measurement  Systems (Model  SW-073) .  
Fc  mc st  so i l  the opt imal  vacuum ;s  about  300 mbar ,  but  " tgher  leve ls  
of  ^acc._m may be used.  The par t ia l  vacuum draws the *'  -  d  through 
the po- :us s ta in less s tee l  wal ls  o f  t -e  lys imeter  and up ir:z a co l lec t ion 
bot t le  
Tne se:ond out le t  is  opened at  the end of  sampl ing to  e~c:y  the f lu id  
l ines.  Sampl ing durat ion depends on the amount  o f  samp e requi red,  
the so i  type,  and the so i l  mois ture content .  Sampl ing t i^es can vary  
















Tensiometer Construction, installation, Operation and Results 
Introduction: 
Tensiometers measure the energy quota of the soil water in unsaturated 
sediments, which is the amount of force with which soil water is held by the soil 
particles (Cassell and Klute, 1986). This force is a measure of the amount of 
energy required to remove the water from the soil particle surface. Buckingham 
(1907) recognized the relationship between soil water retention and soil water 
energy level, becoming known as "the potential concept of soil water". Gardner 
et. al. (1922) was the first to propose the use of porous, ceramic walled devices 
to measure the relation between soil water content and the soil water energy 
status in the soil matrix (i.e. total soil water potential). A manometer or vacuum 
gauge connected to the ceramic cup could then be used to measure the energy 
potential within the ceramic cup. The concept of soil moisture tension results 
from the difference between the soil gas pressure and the soil water pressure. 
The negative of soil moisture tension is known as matric potential (ie. soil water 
suction, capillary potential, soil moisture tension, etc.). The matric potential of 
water in unsaturated soils arises from the attraction of soil particle surfaces for 
water molecules, the attraction of water molecules for each other, and the 
unbalanced forces across the air-water interface (Stannard, 1986). The 
tensiometer directly measures the matric potential (Stannard, 1986; Tindall and 
Kunkel, 1999; and Reeve, 1986). 
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Operational Theory: 
The general tensiometer design for field applications consists of a liquid-filled 
porous ceramic cup connected to a tube or barrel, which is embedded in the soil. 
A negative pressure measurement device (vacuum gauge, water manometer or 
electrical pressure transducer) is attached to the top of the barrel or tube above 
surface. 
Tensiometers operate by allowing water to flow into or out of the porous ceramic 
cup embedded in the soil matrix. Flow occurs until the pressure potential of the 
liquid inside the cup equals the matric potential of the soil water outside the 
ceramic wall. If the tensiometer is nearly filled with liquid, and the surrounding 
soil is near saturation, the matric potential will be close to zero, with virtually no 
liquid flow occurring through the ceramic cup wall. As the soil matrix becomes 
less saturated, liquid will flow out of the tensiometer into the soil matrix, creating 
a subsequent vacuum within the tensiometer between the top of the liquid-filled 
barrel and the negative pressure or vacuum measuring device. The resulting 
vacuum or tension is then measured as a negative pressure by a pressure 
transducer or negative pressure (Bourdon) needle gauge. 
Water-filled tensiometers are theoretically limited to about 700 cm (Castle and 
Klute, 1986) to 870 cm (Stannard, 1986). This is due to the inability of pure bulk 
water to sustain tensions greater than about 970 cm of H2O (0.95 bar). At 15° C, 
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water inside the tensiometer cup begins to vaporize at 0.95 bar, interrupting 
liquid continuity. If a tensiometer cup is buried at 100 cm below land surface, 
matric potentials as high as 770 cm of H2O can be measured, resulting in a 
trade-off of decreasing resolution with depth. 
Soil Water Potential Theory: 
Invoking the viewpoints of potential theory and thermodynamics, the concept of 
soil water potential involves the potential or affinity with which soil water is 
retained in the soil matrix. Potential may be defined by the amount of work done 
or the potential energy stored, per unit volume, in moving a mass, m, from the 
reference state (typically pure free water) (Tindall and Kunkel, 1999). 
Bolt (1976) in Tindall and Kunkel (1999) defines the total potential of soil water as 
"the amount of work that must be done per unit quantity of pure water in order to 
transport reversibly and isothermally an infinitesimal quantity of water from a pool 
of pure water at a specified elevation at atmospheric pressure to the soil water at 
the point of consideration". This definition implicitly requires an expense of 
energy to overcome the forces of suction, hence the matric potential is negative 
(loss of energy). 
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There are many forces acting upon and within soil water. The primary forces 
include hydrogen bonding and covalent bonding forces as well as Van der 
Waals-London forces that cause cohesion between water molecules and 
adhesion between water and soil surfaces. Components of total soil water 
potential includes the sum of the additive potentials acting on the soil-water 
system. The complete list of potential forces acting on soil water are (Tindall and 
Kunkel, 1999): gravitational potential, osmotic potential or solute potential, 
vapor potential, matric potential, hydrostatic potential, overburden pressure 
potential, and electrochemical potential. In most applications, except swelling 
soils, only the gravitational and matric potential need to be quantified to yield the 
total soil moisture potential. The gravitational potential, \|/g, is defined as (Tindall 
and Kunkel, 1999): 
Vg =  P i g z  ;  
and has units of J*m"3, positive upward. The matric potential (\|/m), has units of 
length and is negative in sign. The total soil water potential (\j/t) for most soils is: 
M>t = Vg + M>m 
The matric potential gradient is then used to determine soil water flow direction 
and magnitude. 
Useful conversions: 100 centibars=1.0 bar=0.987 atmosphere=100 
kilopascals=1021 centimeters of H2O at 15° Celsius. 
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Many synonyms are used in the literature to term the concept of matric potential, 
leading to a great deal of confusion between terminology and units. Matric 
potential may be expressed as pressure head, h, with units of length (cm); soil 
water suction or tension; capillary potential; negative of soil moisture tension; 
negative of soil water pressure; etc. etc. Any of these terms can be expressed 
with positive/negative units of energy/mass, energy/volume or energy/weight, 
depending on preference and convention (Cassel and Klute, 1986; Fetter, 1994; 
Stannard, 1986; Tindall and Kunkel, 1999; Reeve, 1986). Units of length in -cm 
of H2O for the matric potential will be used in this text. 
Tensiometer Design and Application at the FHS Research Site 
Two types of tensiometers were used at the FHS test site during the course of 
the research. The primary objectives of the tensiometer installation was: (1) to 
establish reliability over seasonal climactic variations; (2) evaluate applicability 
and performance in coarse textured soils; (3) if (1) was established, use 
tensiometer data to quantify the matric potential gradient and flow direction 
before and during the main virus seeding experiment. 
Type I Tensiometer Construction: 
Jet-Fill Model 2725 was the primary tensiometer installed at the test site. Figure 
1 details the specifics of the Type I model. Type I tensiometers are widely used 
in soil physics and irrigation studies, however, their suitability to coarse grained 
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soils such as those encountered a the test site, may be questionable. Large 
diameter (macro) pores, can physically disrupt hydraulic communication between 
the ceramic cup and the soil matrix (Castle and Klute, 1986). 
Type I Tensiometer Installation: 
A total of four Type I tensiometers were installed to depths between 18 cm and 
152.5 cm at the test area (TT-1, TT-2, TT-3 and TT-4) (see Figure 2, site map 
instrumentation plan view). Installation was by hand augering at shallow depths 
or Geoprobetm drilling technology for depths below 122 cm. Typical installation 
diagram is depicted in Figure 3. Silica flour (#200 sieve) slurry was tremied 
down the casing, surrounding the tensiometer cup as the casing was removed. 
Due to the coarse soil matrix, an uncased borehole would have allowed 
collapsed material to block the drilled borehole at the 122 cm level, a 
consequence of the coarse gravel bed surrounding the septic drain lines at the 
test site. Native material was allowed to collapse into the borehole. A granular 
bentonite seal was then placed above the annular space collapsed material. 
Type II Tensiometer Construction: 
The second tensiometer type consisted of an experimental model designed by 
the author to reach depths greater than the Type I models (commercially only 
available in lengths up to 150 cm). Due to the nominal 3.8 cm insided diameter 
of the corebarrel of the Geoprobe unit, it was necessary to design a tensiometer 
slimmer in design than the Jet Fill model (Type I model). Design specifications 
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are presented in Figure 4, Type II design consisted of a 1 bar standard 
ceramic cup of the same geometry as the Type I tensiometer, connected to 
1.25cm diameter PVC water pipe, coupled to accept a vacuum gauge at the top 
of the PVC pipe. This design allowed direct installation of the tensiometer barrel 
inside the 3.8 cm core barrel to any depth under the practical limit of the 
tensiometer. 
Type II Tensiometer Installation: 
Two Type II tensiometers were installed at the test site (see Figure 2) (TT-5 and 
TT-6) to a depth below land surface (bis) of 260 cm and 240 cm respectively. 
The objective of the deeper Type II tensiometers was to achieve greater vertical 
resolution of the soil water potential and to determine if the modified tensiometer 
design was sufficient to operate under the prevailing coarse soil conditions. 
Tensiometer Performance Assessment: 
Due to the length of the monitoring period and the cold winter months of west 
central Montana, freezing of the liquid in the tensiometers was a concern. A 
50:50 solution of deaerated water to antifreeze was used in both types of 
tensiometers in an attempt to prevent freeze up and destruction of the liquid-filled 
vacuum needle gauges. A correction factor of 2 centibars was required to 
account for the density contrast between the 50:50 antifreeze solution and the 
reference standard of deaerated water. Laboratory calibration tests of similar 
tensiometers filled with antifreeze solution and deaerated water yielded the 
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correction factor for the antifreeze solution filled tensiometer. During the winter 
months, with average annual surface temperatures well below freezing, the 
antifreeze solution-filled tensiometers worked reasonably well. Out of 8 
tensiometers, two were found to be frozen and needle gauges frozen in February 
of 1999 and had to be replaced. Both types of tensiometers successfully 
recorded total potential (gauge values) up to approximately 72 centibars. 
Tensiometer gauge values from the Type I model was used as the comparison 
standard to assess the response of the experimental model. At equivalent 
depths and installation methodology, gauge values varied less than 2 centibars 
total pressure potential in the experimental models. Given the coarse soil matrix, 
and the difficulty in obtaining proper hydraulic contact between the tensiometer 
cup, silica flour and soil matrix, tensiometer gauge values were assumed 
adequate for the purposes of this investigation. 
Presentation of Historical Tensiometer Data 
Tensiometer data from the test site are divided into Historical (prior to May 26th 
1999 NaCI tracer test-Table 1), May 26th 1999 NaCI tracer test (Table 2), and 
May 27th - May 28th , 1999 virus seeding test (Tables 3 and 4). Tensiometer 
gauge readings in centibars have been converted to units of cm of H2O Matric 
potentials and gradients have been calculated from the tensiometer readings. 
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Historical Tensiometer Data-Test Site-3.4.99 to 5.21.99 
Table 1 shows matric potential at the test site between March 4th 1999 and May 
21st 1999. Test site tensiometers (TT-1 through TT-4) are Type I (Jet-Fill) and 
TT-5 is of Type II design. Tensiometer data was collected over time from 18.3 cm 
bis to 260 cm bis. The highest zone of matric potential was from 18.3 cm bis, 
which is above the drainline depth. Between 30.48 and 152.5 cm, matric 
potentials ranged from -10.32 cm to a high of -51.5 cm respectively. Overall, 
potentials decreased with depth, suggesting that soil moisture content increases 
with depth as a result of infiltrating effluent exiting the drainline. 
May 26th 1999 NaCI Tracer Test Tensiometer Data 
Tensiometer readings during the tracer test are presented in Table 2. 
Tensiometer data were collected once at the end of the experiment. Matric 
potentials ranged from a low of -81.6 cm at 30.48 cm bis (TT-1) to a high of -
224 4 cm at 152.5 cm bis (TT-3). Gradients and direction of flow are also shown. 
Soil water potential gradients ranged from a low of 0.18 between 30.48 to 259.08 
cm depth, while a large upward gradient of 4.69 was present between 243.84 
and 259.08 cm bis. This anomalous upward gradient may have been a result of 
the injectate tracer solution wetting front reaching the 259.08 cm depth, or 
influence from the underlying water table at 381 cm. An upward gradient was 
also noted at the same depth during the next day virus seed, therefore, 
equipment or human error has been discounted. The anomalous potentials at 
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this depth will be discussed in further detail in the following section in which a 
more complete data set exists for analysis. 
Tensiometer Data during Virus Seed- 5.27 to 5.28.99 
Tensiometer readings were collected throughout the course of the 22 hour virus 
seed experiment. Converted matric potentials are presented in Table 3. Table 4 
presents matric potential gradients and direction of moisture flow between 
tensiometer measurement points. 
Matric potentials ranged from a low of -40.8 to a high of -224 4 cm at 30.48 cm 
and 259.08 cm respectively. Overall, matric potential increases with depth during 
the course of the experiment. At each measurement point a periodicity existed in 
the range of matric potentials measured. The matric potentials at each 
measurement point reache a maximum during the midday, decreasing back to 
potentials exhibited during the early morning hours. This is possibly a result of 
evapotranspiration of soil water and soil vapor transport, due to solar forcing of 
the soil temperature wave front. Also, there may be an observed relation 
between the migration of the infiltrating virus injectate water at depth, most 
notably at 259 cm, where the matric potential abruptly decreased sometime 
between 330pm and 630pm (6.5 to 9.5 hrs after injection of tracers). All other 
tensiometers indicate a gradual decline to early am potentials. Tracer peak 
breakthrough velocities (0.42 to 0.67 cm/min) support a wetting front arrival at 
259 cm between 6.5 (0.72 cm/min) to 9.5 hrs (0.45 cm/min). As the wetting front 
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arrives at the 259 cm depth, soil moisture content increases, followed by 
lengthening of the transmission zone of the wetting front, which corresponds to a 
decrease in matric potentials. 
Potential gradients calculated from Table 3 during the course of the experiment 
are presented in Table 4. Direction of the gradient between each tensiometer is 
also indicated. The gradient data from 152.5 cm to 259.08 cm indicates the 
passage of the wetting front with depth. Examining the overall gradient patterns 
between 30 and 260 cm, the gradient diminished and then reversed as the 
wetting front of the injectate water advanced through the soil. The gradient 
minimum should then be the point at which the wetting front arrives at the 260 cm 
depth, corresponding to tensiometer TT-5. The gradient minima then reflects the 
distribution of soil water content across the vertical span of the wetting front, 
transmission zone, and transition zone. The high upward gradients computed 
between 240 and 260 cm depth is assumed to reflect the near-saturated soil 
within the wetting front and the lower soil moisture within the transmission zone 
of the infiltrating tracer solution. 
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Test Site Historical Tensiometer Data-Matric Potentials 





























































































110 Table 2 
May 26,1999 NaCI Tracer Test-Tensiometer data 
Matric Potential Potential 
Depth, cm cm of H20 Gradients 
TT-1 30.48 -81.6 TT-1/TT-5: 
TT-4 60.96 -163.2 TT-1/TT-4: 
TT-3 1S2.S -224.4 TT-4/TT-3: 
TT-6 243.84 -193.8 TT-3/TT-6: 
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May 27- 28,1999 Virus Seed Tensiometer Data 
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Table 4 





































































































Figure 1. Type I Jet Fill Tensiometer 
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2725, Jet Fill Tensiometer 
Fluid Reservoir 
Vacuum Needle Gauge - 0 to 100 centibars 
Liquid - Filled Barrel (1.25 cm diameter, variable length - 15 to 153 cm) 





Figure 2. Test Site Instrumentation Map . 
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Figure 3. Typical Tensiometer Installation Diagram 
Land surface 
Tensiometer barrel 
Silica flour slurry 
} Granular bentonite 
Collapsed formation 
Tensiometer ceramic cup 
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Figure 4. Type II Tensiometer Specifications 
to 100 centibar vacuum gauge 1/2" (1.25 cm) diam. PVC coupler^ 
with female threads 
1/2" (1.25 cm) diam. PVC water pipe 
Silicon-based glue 
1/2" (1.25 cm) diam. threaded brass/PVC coupler 
Screw-type 1 -bar high flow tensiometer cup ^ 
1.25 cm diam. by 6.35 cm 
from Soil Moisture Equipment Type I tensiometer 
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Tracer Injection Sleeve and Sampling Port Construction Specifications 
A novel subsurface solution delivery system was installed adjacent to the test site 
drain line. The primary purpose of the apparatus was to establish an injection 
point as close as possible to the base of the drain line in order to mimic tracer 
entry as if exiting through the drain line. The injection apparatus thus allowed 
controlled injection of tracer solution as a point source. A second purpose of the 
unit was to sample effluent directly exiting the drain line prior to infiltration for 
analysis of chemical constituents and background coliphage. 
The injection unit and sample port assembly was installed to a depth coincident 
with the base of the drain line at 119 cm below land surface (bis). Installation 
was accomplished by hand digging a pit roughly 150 cm by 150 cm by 140 cm 
deep. The unit was then placed in a parallel position on the south side of the test 
site drain line, covered with excavated material to land surface. The PVC 
injection riser pipe and sample port tubing completed the installation to 30 cm 
above land surface. A surface seal of granular bentonite was placed around the 
riser pipe and tubing to prevent direct infiltration of surface to the subsurface 
injection point. 
The injection sleeve and sample port assembly specifications are presented in 
Figure 1. The assembly consisted of 2 parts: a sleeve constructed of 2.5 cm 
diameter, 61 cm long, hand-slotted PVC pipe, placed horizontally in the drain line 
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gravel below the drain line (119 cm bis). The injection sleeve connected to a 
vertical 2.5 cm diameter PVC riser pipe that extended to the surface. The second 
part of the apparatus consisted of a sampling port constructed of 0.64 cm 
diameter PVC pipe, hand drilled and mesh-wrapped, emplaced horizontally 4 cm 
below the bottom of the injection sleeve. 0.32 cm polyethylene sample tubing 
was inserted within the PVC pipe, completed above surface with a short section 
of dedicated Masterflextm tubing. 
Effluent chemistry samples and tracer transport samples were collected from the 
sample port by means of a peristaltic sampling pump. Tracer/MS2 injectate was 
gravity-delivered through the injection sleeve. The sample tube within the 
injection sleeve was used to immediately sample the tracer solution after 
injection to the drain line area. 
Figure 1. Tracer Injection sleeve and sample port specifications 
Land surface 
Plastic stays 
0.325 cm diameter 
plastic sample tubing 




150 cm long by 2.5 cm diameter 
PVC riser pipe 
10 Slotted PVC Injection sleeve 
7 4 cm spacer 
Mesh-wrapped tubing 
61 cm long by 2.5 cm 
liameter PVC pipe 
Mesh-wrapped on 




diameter PVC pipe 
Cobble-zone 
15 cm drilled PVC length 
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EFFLUENT MONITORING STATION CONSTRUCTION, OPERATION AND 
RESULTS 
Introduction 
Effluent discharge to the test site vadose soils drives the transport of soil water 
and ionic/MS2 tracers used in this study. Identification of the number and 
duration of each effluent pulse during the MS2 seeding experiment was 
considered important to help describe the overall behavior of MS2 during 
transport. To accomplish this task, an effluent monitoring station was 
constructed in which a continuous water level recorder monitored the infiltration 
of effluent pulses to the test site soils. 
Effluent Monitoring Station: 
A 15.24 cm diameter, 130 cm long, open-ended schedule 40 PVC pipe was 
emplaced alongside the test site drain line, near the injection site, to 122 cm bis. 
Figures 1 and 2 depict the monitoring station relative to the injection site and 
other instrumentation arrays. A Stevenstm Type F continuous water level 
recorder was employed to monitor the rise and fall of effluent liquid within the 
PVC cylinder. 
Presentation of Results: 
Copies of raw data sheets from the recorder cylinder during the MS2/bromide 
seeding experiment are presented in Figures 3 through 6. Height of effluent 
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within the PVC pipe is given on the vertical axis of the page, with divisions of 
0.01 and 0.1 feet. Time divided in 7.5 and 90 minutes makes up the horizontal 
axis. Each spike on the chart represents a distinct effluent discharge from the 
drain line to the vadose zone, labeled as pulse events 1 through 13. As indicated 
on the figures, recording commenced 810 am on May 27th 1999 and ended 536 
am the following day, for a total recording period of over 21.5 hrs. 
Qualitative Analysis of Raw Recorder Data 
Thirteen distinct effluent pulses recorded during the MS2/bromide seeding 
experiment describe a complex hydraulic setting under which the experiment was 
conducted. The timing and effect of the MS2 injectate volume can be seen as a 
small perturbation on the right limb of pulse number one, corresponding to an 
injectate time of 910 am. The relatively slight rise in liquid height of 0.016 feet 
within the monitor station reflects an injectate volume of 12.8 L. There was some 
initial concern that the injectate volume might have adversely affected the flow 
field below the test site. This concern appears to be alleviated based on the 
recorder data from the monitor station. 
Examination of the recorder data reveals that the frequency and amplitude of the 
pulse events increase between 1230 pm and 510 pm, reflecting peak user hours 
during school with an effluent pulse occurring every 40-60 minutes. The 
periodicity of the recorder data indicates operation of the effluent distribution 
pumps switching on at a specified liquid level within the septic tanks. Lauerman 
(1997) measured drainfield loading rates (Table 1) from within the septic tank 
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system and found that 320 gallons of effluent is delivered to the distribution 
laterals each pulse event. The amplitude or height of liquid rise increase shown 
by pulses 4 through 11 is considered to be a result of the complex wetting history 
of the vadose soils below the test site drain line, and not a result of fluctuations in 
effluent volume reaching the test site location. In addition, the recorder data 
shows that between 810 am (beginning of pulse 1) and 1006 pm (beginning of 
pulse 12), saturated conditions were continuously present within the monitor pipe 
and presumably the cobble-lined drain line trench. Pulse 12 indicates that 
enough time occurred for the effluent to completely infiltrate into the soil. 
Therefore, the soil below the drainline was completely saturated with a positive 
inlet head for at least the first 12 hours of the experiment. 
More specifically, the shape of each effluent pulse curve represents or describes 
the relation between the infiltration capacity, previous wetting history, hydraulic 
conductivity and soil water retention characteristics of the native soils below the 
cobble zone associated with the trench. Analysis of head versus time data from 
the recorder chart can yield useful information of the vadose hydrology and the 
hydraulic framework under which the MS2/bromide seeding experiment was 
conducted. 
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Conceptual Discussion of Effluent Pulse Data in Relation to Description 
of Hydrologic Parameters 
Numerous conceptual approaches to analysis of the infiltration data from the 
effluent monitor station may exist. However, for the purposes of this report, 
further analysis of the effluent pulse data will not be conducted. Direct 
observation of the infiltrating tracers occurred from lysimeter sampling and MV-1 
sampling. It is not clear just what the effluent data represents or how to 
conceptually model the data. Difficulties exist in determining whether for 
example, the data can be treated as a point-sink infiltration experiment, cased or 
open borehole permeameter test, or other conceptual approaches commonly 
used in the literature. Practical application of the correct theoretical approach is 
important for accurate quantification of the hydraulic properties of the soil. 
Fortunately, independent laboratory data exists, and analysis of effluent data 
from infiltration theory viewpoint is considered redundant at this stage. 
For the sake of completeness, this section is written to document empirical 
analysis of the effluent data to derive the unsaturated hydraulic properties 
necessary to model and predict the transport behavior of the infiltration liquid and 
associated MS2 and ionic tracers used during this study. 
The conceptual model begins with application of infiltration theory that leads to 
various approaches to solve the fundamental governing equation for unsaturated 
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flow, Richards equation, which for one-dimensional vertical moisture flow can 
be expressed as: 
d  e  
d t  
± . ( K ( h ) U L l ± )  
5  x  V  d  6  d  x  j  
Or: 
From Kao and Hunt, 1996 
t  =  
a e 
K  ( h o )  
z f  -  A h  r i  + 
V A h  J  
Green-Ampt Model for Vertical Infiltration 





Where Kg is saturated hydraulic conductivity, Lf, zf is the length of the wetting 
front or total infiltration length, 0 is the the moisture content, the subscripts 
referring to initial moisture content, or at time t, h is the negative pressure head, 
and y is the pressure head, bubbling pressure, b, and pressure head at the 
wetting front boundary. 
The Green-Ampt (1911) infiltration model is an analytical equation, and is 
commonly used in practical analysis of irrigation, landfill leachate migration and 
crop sciences. Because it is an analytical or exact solution of Richards' equation, 
simplifying assumptions render this and other solutions such as Phillips (1957) 
solution, Morel-Seytoux and Khanji (1974) and Smith and Parlange (1978) of 
dubious use in all but the most simple systems. In addition, several empirical 
relations of practical use are those by Horton (1939), Holtan (1961), and 
Kostiakov (1932), which relate measured infiltration to elapsed time which 
modifying parameters, but in essence follow some type of power law. 
Attached to the end of this appendix are rough notes by the author of attempts at 
applying some of the above discussed relations by graphical analysis of pulse 
number 11 infiltration data. Infiltration theories should not be confused with 
moisture redistribution theories, which vary in sophistication but essentially solve 
some modified (linearized) form the Richards' equation in 2 or more dimensions, 
and deal with the transport of contaminants or other mass. 
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Table 1. FRENCHTOWN HIGH SCHOOL 
DRAINFiELD LOADING RATES 
NUMBER OF PUMP CYCLES GALLONS OF EFFLUENT I 
DATE PUMP 1 PUMP 2 TOTAL DELIVERED TO DRAINFIELD COMMENTS 
1995 
25-Oct 5 4 9 2880 W 
26-Oct 5 6 11 3520 TH 
27-Oct 4 4 8 2560 F 
28-Oct 5 5 10 3200 S 
30-0ct 19 18 37 11840 M 
31-Oct 29 28 57 18240 T 
1-Nov 7 8 15 4800 W 
2-Nov 6 5 11 3520 TH 
3-Nov 7 8 15 4800 F 
4-Nov 2 2 4 1280 S 
13-Nov 4 4 8 2560 M 
14-Nov 5 5 10 3200 T 
15-Nov 5 5 10 3200 w 
16-Nov 5 5 10 3200 TH 
17-Nov 5 5 10 3200 F 
18-Nov 3 3 6 1920 S 
19-Nov 1 1 2 640 su 
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Negative square root of time, minutes 
1.00 1.20 
134 
infiltration effluent pulse analysis from stevens chart recorder, 
pulse number 11 during virus seed 
negsqrt infiltration 
data point minutes ft cm cum infil.c sqrt(min) t-1/2 rate,cm/min 
1.00 0.420 12.802 12.80 1.00 1.00 12.802 
2.50 0.270 8.230 21.03 1.58 0.63 3.292 
3.50 0.230 7.010 28.04 1.87 0.53 2.003 
7.50 0.200 6.096 34.14 2.74 0.37 0.813 
15.00 0.174 5.304 39.44 3.87 0.26 0.354 
22.50 0.154 4.694 44.14 4.74 0.21 0.209 
30.00 0.140 4.267 48.40 5.48 0.18 0.142 
37.50 0.130 3.962 52.37 6.12 0.16 0.106 
50 0.120 3.658 56.02 7.07 0.14 0.073 
60 0.110 3.353 59.38 7.75 0.13 0.056 
67.5 0.100 3.048 62.42 8.22 0.12 0.045 
75 0.090 2.743 65.17 8.66 0.12 0.037 
153.5 0.029 0.884 66.05 12.39 0.08 0.006 
172 0.02 0.610 66.66 13.11 0.08 0.004 




Effluent Infiltration Analysis 
using saturated moisture content=0.32 
pulse event, ponded head wetting front cumulative 
cm depth, cm wetting front depth, cm 
1 1.280 4.0005 4.0005 
2 2.134 6.6675 10.668 
3 1.128 3.52425 14.19225 
4 1.524 4.7625 18.95475 
5 5.791 18.0975 37.05225 
6 12.497 39.0525 76.10475 
7 12.344 38.57625 114.681 
8 12.954 40.48125 155.16225 
9 14.265 44.577 199.73925 
10 15.088 47.14875 246.888 
11 12.802 40.005 286.893 
sums 91.806 286.893 
PULSE CM WET FRONT DEPTH 
12 0.41 12.4968 39.0525 
13 0.3 9.144 28.575 
67.6275 
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Effluent Pulse data during Virus seed-5.27.99 to 5.28. 
pulse event pulse event dhn dtn dhn/dtn dhn/dtn 
number,n time, tn ft min ft/min cm/min 
one 836 0.44 62.25 0.0071 0.2154 
two 951 0.07 65.25 0.0011 0.0327 
three 1059 0.035 41.25 0.0008 0.0259 
four 1140 0.04 45 0.0009 0.0271 
five 1238 0.15 39 0.0038 0.1172 
six 1316 0.41 32.25 0.0127 0.3875 
seven 1358 0.39 42.75 0.0091 0.2781 
eight 1442 0.41 52.5 0.0078 0.2380 
nine 1538 0.46 61.5 0.0075 0.2280 
ten 1646 0.45 107.25 0.0042 0.1279 
eleven 1848 0.385 110 0.0035 0.1067 
twelve 1006 0.275 262.5 0.0010 0.0319 
pulse event time, (min) duration 
number,n of pulse event 
one -27 62.25 eight 349 
two 48 65.25 nine 405 
three 116 41.25 ten 471 
four 157 45 eleven 593 
five 215 39 twelve 671 
six 263 32.25 




















dhn/dtn dhn/dtn dhn/dtn dhn/dtn 
cm/hr cm/day m/sec m/min 
12.926 310.23 3.59068E-05 0.0022 
1.962 47.09 5.44981 E-06 0.0003 
1.552 37.24 4.3103E-06 0.0003 
1.626 39.01 4.51556E-06 0.0003 
7.034 168.81 1.95385E-05 0.0012 
23.250 558.00 6.45829E-05 0.0039 
16.684 400.41 4.63439E-05 0.0028 
14.282 342.77 3.96724E-05 0.0024 
13.679 328.29 3.79967E-05 0.0023 
7.673 184.16 2.13147E-05 0.0013 
6.401 153.62 0.00001778 0.0011 
1.916 45.98 5.3219E-06 0.0003 
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infiltration effluent pulse analysis from stevens chart recorder, 
pulse number 10 during virus seed 
l=StA0.5 + const 
data point minutes ft 
negsqrt 

























Cumulative Infiltration, I. cm 
37.92 
saturated moisture content=0.23 
wetting front depth=l/0.23 at end of pulse 
164.87 


































R = 0.9011 
5 10 
sqrt of time, minutes 
1.244 37.91712 60.77929 2.300403 
•= 10 
Effluent pulse n=10 
y = 36.321 x 083 
R2 = 0.8536 
40 60 80 
minutes 
100 120 
this solution to the curve follows the 
relation of Kostiakov (1932), in Tindall and Kunkei, p. 358 
where 
l=atAb, where a and b are curve fitters, equal in this example to: a=36.321 b=-.8344 
Effluent Pulse 11 
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y = 18.59x 
R2 = 0.958 
-1.5419 
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THERMISTOR CONSTRUCTION, INSTALLATION, CALIBRATION AND 
OPERATION 
Introduction 
It has been demonstrated that fluid temperature is one of the main controllers of 
virus inactivation (Yates et al., 1991). Numerous researchers (Tindall and 
Kunkei, 1999; Groenevelt and Colt, 1961; Taylor et al., 1961; Philip, 1953; in 
Kirkham and Powers, 1972) have demonstrated that moisture in the vapor phase 
can be transported through the soil in the presence of a thermal gradient. In 
addition, heat can be conducted by soil water movement and via the soil matrix. 
Since soil temperature is important for virus viability and soil water movement, 
and is an important component in many numerical modeling codes (VIRTUS, 
HYDRUS, VIRALT), the thermal field within the test site soils before and during 
the virus seeding experiment was measured using soil temperature sensors 
(thermistors). Figures 1 and 2 indicate positions of thermistors at the test site 
area. 
SPECIFICATIONS AND CONSTRUCTION INFORMATION 
Thermistor Specifications: 
Manufacturer: Fenwal Electronics, Inc. 
Make: 197 Series epoxy-coated thermistor chip 
Stock no.: 30f1753 
Type: 197-103LAG-01 
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Time Constant: 15 seconds 
Ohms at 25°C: 10K 
Resistance ratio: 9.10 
Tolerance: 10% 
Dissipation Constant.: 0.75 mW/°C 
Dimensions: length 3.81cm, width 0.24cm 
Distributer: Newark Electronics, PO Box 94151, Palatine, IL 
60094-4151 
Catalog no. 114 
Construction: 
10 microbead thermistors were used to measure temperatures of soil, air, 
effluent and groundwater during the course of the research. The small design of 
the microbead-type thermistor facilitated adaptation to measurement of different 
field media. Since the thermistors are interrogated using a small electrical 
current, it was necessary to construct a rugged, waterproof housing for field 
applications. 
Figure 3 details the finished thermistor ready for field installation. The 
thermistors arrived from the distributor with a thin protective epoxy coating. 
Twelve feet of standard 12 gauge electrical wiring were sautered to each 
thermistor leads. Electrical rubber-vinyl tubular shrink-wrap was then slipped 
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over the thermistor and sautered wire connections. The shrink-wrapped ends 
near the sautered wires were sealed with epoxy resin. The thermistor microbead 
was situated near the tip of the shrink-wrap housing. Epoxy was then used to 
form a 2-3 mm protective "bulb" over the thermistor bead. The completed stand­
alone thermistors were used individually for soil temperature measurements, 
groundwater and air temperature. The second set of housed thermistors were 
coupled to moisture blocks. Moisture block/thermistor sensor construction is 
explained in Appendix G. 
Thermistor Installation: 
A multilevel thermistor array was installed within the unsaturated soils below the 
septic drain field (see site instrumentation plan view map, Figure 1). The 
thermistor array was installed in a single vertical borehole using a Geoprobe drill 
rig. The installation diagram is presented in Figure 4 
Four thermistors were attached to 305 cm of 1.25 cm diameter PVC water pipe 
and inserted down a 300 cm deep by 5 cm diameter cased borehole. As the 
casing was removed, native soils were allowed to collapse around the thermistor 
units. 50 cm of granular bentonite sealed the borehole from surface water 
infiltration. Electrical leads were brought to the surface, protected by a 10 cm 
diameter PVC screw top casing; The thermistor array (TH array) was located 
approximately 120 cm from the injection site. Thermistors TH-4, TH-2, TH-3 and 
TH-5 used in the single-unit thermistor array, were installed at depths below land 
153 
surface (bis) of 122, 183, 244, and 274 cm respectively. Thermistors 
attached to the moisture block sensors (M/T array) are labeled M/T-6, M/T-4, and 
M/T-7 and installed within a single borehole approximately 76 cm from the 
injection site, to depths of 244, 320 and 305 cm, respectively. A single 
moisture/temperature sensor, M/T-10 was installed near the injection site, 149 
cm bis within the cobble zone of the drainline. 
Operation and Calibration: 
Thermistors are a semiconductor-based type of resistance thermometer. As a 
current is applied across the semiconductor, resistance of the conductor changes 
with temperature. Using a resistance meter (ohm meter), a nominal current is 
applied to the thermistor and the resistance across the semiconductor is 
measured in ohms. The temperature can be ascertained either directly or by the 
use of calibration curves in which the temperature is some function of resistance 
measured by the meter. Microbead thermistors generally display individual 
thermal responses. Therefore, each thermistor required its own calibration curve. 
Calibration: 
Each thermistor was calibrated individually. An ice water immersion was used 
for calibration between 0.2 °C and 21.5 °C (room temp). A laboratory grade 
immersion thermometer with a range of -20 to 100 °C and 1 degree resolution 
(made by H-B U.S.A. Wr brand catalog no. 61066-104) measured the water bath 
temperature. Resistance of each thermistor was interrogated using an ohm 
154 
meter set at 200K ohms. Simultaneous thermometer and resistance values 
were recorded as the water bath warmed to room temperature. Calibration data 
and resultant curves for thermistors TH-1 through TH-5 are presented in Figures 
5 through 9. Regression curves and curve equation were calculated using the 
Microsoft Excel spreadsheet program. Combination moisture block/thermistor 
sensors (M/T-4, M/T-6, M/T-7 and M/T-10) calibration data are presented in 
Figures 10 to 13. 
The calibrations yielded natural logarithmic curves. Also, slight variations in the 
thermal properties of each thermistor validated the need for individual calibration. 
It also appears there is a slight difference in the calibration curves between the 
single unit (TH-1,2,3,4,5) thermistors and those that are coupled with the 
moisture blocks (M/T-1 to M/T-10). This may be attributable to the way in which 
the thermistor is armored by epoxy coating and attached to the plastic housing of 
the combination sensors. Different construction materials conduct heat at a 
different rate. Therefore, it is essential to calibrate after construction has been 
completed on each unit. It is also important that the length of electrical leads is 
the same during calibration and field use. The resistance measured by the ohm 
meter will vary as a function of the length of wire that the current generated by 
the ohm meter (0.05milliVolts) must conduct through. 
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Figure 3. Individual Thermistor Modified for Field Use 
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Microbead thermistor 
Epoxy resin shield 
Rubber outer shrink-wrap housing 
Vinyl wire sheath 
Electrical leads 
Sautered electrical connections 
12 gauge electrical wire-12 foot leads 





soil backfill materi 
10 cm diameter PVC protective casing 
Field-Modified thermistors and electrical leads 
secured to outside of PVC pipe 
Thermistor TH-4, 122 cm depth 
TH-2, 183 cm 
TH-3, 244 cm 
TH-5, 274 cm 
1.25 cm diameter PVC pipe 
305 cm long 
5 cm wide borehole 
159 Figure 5. Thermistor TH-1 calibration data sheet 
designed by J. Fink 





direct temp direct temp Resistance 
reading (C) reading (F) Ohms at 200K resolution 
0.2 32.36 32.55 
0.5 32.9 32.63 
1.7 35.06 30.18 
3 37.4 28.42 
5 41 26.44 
7 44.6 23.53 
8 46.4 22.43 
9 48.2 21.16 
10 50 20.46 
11.2 52.16 19.28 
12 53.6 18.46 
13.8 56.84 16.97 
14 57.2 16.62 
15 59 16.13 
16 60.8 15.08 
17 62.6 14.6 
18 64.4 13.86 
19 66.2 13.23 
21.5 70.7 11.88 




RESISTANCE IN OHMS 
TH-2 DATA 
160 Figure 6. Thermistor TH-2 calibration data sheet 
designed by J. Fink 





direct temp direct temp Resistance 


























































Thermistor TH-3 Calibration Curve 
y = -20.785Ln(x) + 72.596 




161 Figure 7. Thermistor TH-3 calibration data sheet 
designed by J. Fink 





direct temp direct temp Resistance 


























































THERMISTOR TH-3 Calibration Curve 
ui 10. 
y = -20.969Ln(x) + 72.775 
R2 = 0.9991 
l l 
15 20 




reading (C) reading (F) Ohms 200K 
0.2 32.36 32.42 
0.4 32.72 32.43 
2.2 35.96 28.12 
3.8 38.84 26.55 
5 41 25.71 
7.2 44.96 23.38 
8 46.4 22.34 
9.2 48.56 21.09 
10 50 20.4 
11.2 52.16 19.19 
12 53.6 18.43 
13.9 57.02 16.94 
14.2 57.56 16.6 
15 59 16.12 
16.6 61.88 14.99 
17 62.6 14.55 
18 64.4 13.82 
19 66.2 13.23 
21.8 71.24 11.76 





Thermistor TH-4 Calibration Curve 
-21.37Ln(x) + 74.31 
R2 - 0.9983 
T" 
15 20 
RESISTANCE IN OHMS 
Page 1 
TH-5 DATA 
163 Figure 9. Thermistor th-5 calibration data sheet 
designed by J. Fink 





direct temp direct temp Resistance 


























































Thermistor TH-5 Calibration Curve 
y = -21.64Ln(x) + 75.087 
0.9964 
RESISTANCE IN OHMS 
Page 1 
164 Figure 10. Thermistor M/T-4 Calibration Data 
designed by J. Fink 
Thermistor ID: M/T-4 
date 
6.1.98 
direct temp Resistance 






















Thermistor M/T-4 Calibration Curve 
y = -17.375Ln(x) + 53.344 
0.9685 
8 10 12 14 




165 Figure 11. Thermistor M/T-6 Calibration Data 
designed by J. Fink 



































Thermistor M/T-6 Calibration Curve 
y = -17.182Ln(x) + 52.769 
R2 = 0.9736 
I I I !  
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RESISTANCE IN OHMS 
16 18 20 
166 Figure 12. Thermistor M/T-7 Calibration Data 
designed by J. Fink 
Thermistor ID: M/T-7 
date 
6.1.98 
direct temp Resistance 





























Thermistor M/T-7 Calibration Curve 
y = -16.5Ln(x) + 50.792 
R2 = 0.9714 
8 10 12 
RESISTANCE IN OHMS 
—r-
14 16 18 20 
167 Figure 13. Thermistor M/T-10 Calibration Data 
designed by J. Fink 
Thermistor ID: M/T-10 
date 
6.1.98 
direct temp Resistance 
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Thermistor M/T-10 Calibration Curve 
y = -17.561 Ln(x) + 48.447 
R2 = 0.9607 
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MOISTURE BLOCK INSTALLATION, CALIBRATION, OPERATION AND 
RESULTS 
Introduction: 
Determination of soil moisture content by direct or indirect means is important to 
all aspects of soil science. Knowledge of soil moisture content is useful in 
agricultural, engineering, and mass transport studies, including numerical 
modeling. Also, Yates et al. (1991) found virus survival rates directly dependent 
on soil moisture content of the porous medium. Soil moisture content 
measurements were attempted both in-situ and ex-situ, for the purposes of site 
characterization, and eventual numerical modeling of the seeded MS2/bromide 
tracers. In-situ measurements were collected by the use of porous gypsum 
electrical resistivity blocks imbedded within the test site soils. The moisture 
blocks were coupled with thermistors (described in Appendix F). Figures 1 and 2 
indicate the positions of the moisture block/thermistor units within the test site 
area (M/T-4, M/T-6, M/T-7 and M/T-10). 
Moisture Block Specifications: 
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The soil moisture blocks (model 5201) were obtained commercially from 
Soilmoisture Equipment Corp. Goleta, California. Catalog cuts illustrating the 
blocks are attached to the end of this appendix. The moisture blocks are 
constructed of porous Gypsum, cylindrical in shape, 2.2 cm in diameter and 4 cm 
long. Two electrical wire leads, 3.95 m long, are imbedded in the porous block to 
provide interrogation of the electrical resistance between the two leads across 
the gypsum cylinder. 
Construction Details of Field-Ready Moisture Block/Thermistor Units 
Figure 3 illustrates the adaptation of the moisture blocks for field use. A short 
section (approx. 10 cm) of 1.25 cm diameter PVC pipe was attached to the end 
of the moisture block in which the electrical leads exit the block, and routed 
through the inside of the pipe. A single thermistor was also inserted within the 
pipe, protruding slightly through a small drilled hole (0.3 cm diameter). Epoxy 
resin, completely filling the inside of the pipe, secured the moisture block and 
thermistor to the pipe. 
Installation Details: 
A multilevel moisture block/temperature array (M/T array) was installed within the 
unsaturated soils below the septic drain field (see site instrumentation plan view 
map, Figure 1). The M/T array was installed in a single vertical borehole using a 
Geoprobe drill rig. The installation diagram is presented in Figure 4. 
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Three M/T units were inserted down a 320 cm deep by 5 cm diameter cased 
borehole. The individual M/T units are labeled M/T-6, M/T-7, and M/T-4, installed 
within a single borehole approximately 76 cm from the injection site, to depths of 
244, 305 and 320 cm below land surface (bis), respectively. A single M/T unit, 
M/T-10 was installed near the injection site, 149 cm bis within the cobble zone of 
the drainline. 
When the drill casing was advanced to the 320 cm depth, M/T-4 was pushed 
down the casing to the bottom of the borehole. A small volume of silica flour 
slurry was emplaced around the unit. The drill casing was raised to the 305 cm 
depth for M/T-7 installation as native soils were allowed to collapse between the 
two units. M/T-6 was installed similarly using collapsed native soils and silica 
flour slurry. The silica flour slurry was used to facilitate hydraulic contact between 
the gypsum block surface and the coarse-grained sand and gravel borehole. 
Electrical leads were brought to the surface, protected by a 10 cm diameter PVC 
screw top casing. 50 cm of granular bentonite sealed the borehole from surface 
water infiltration. 
Operational Theory: 
Electrical conductivity of porous materials vary with water content. Attempts at 
such measurements directly in soil have not shown a direct correlation with soil 
water content and have not come into general use. Measurement uncertainties 
associated with soil heterogeneity and soil water solution strength has been 
172 
overcome by measuring the electrical resistance of porous blocks imbedded in 
soil (Gardner, 1986). When soil water ceases to flow into or out of the imbedded 
porous block, in this case gypsum, the electrical resistance measured within the 
gypsum block is an index of soil water content. In actuality, the gypsum 
dissolves into Ca2+ and SO4 2" in the soil water solution. The electrical 
conductivity within the gypsum block is then directly related to soil water content. 
However, electrical resistance of the gypsum block is more easily measured, 
being inversely related to the soil water content at equilibrium matric potentials. 
Since matric potential gradients between the porous gypsum block and the native 
soils control the flow of moisture into and out of the blocks, the resistance values 
more accurately measure the matric potential of the soil. Because the 
equilibrium between the soil and gypsum block is a matric potential equilibrium, 
the associated soil water content must be determined from a calibration curve of 
matric potential and soil water content from soils obtained from the test site. 
Calibration: 
Four field-ready moisture blocks including the electrical leads were calibrated in a 
pressure plate assembly modified for interrogation by a resistance meter. The 
basic methods are identical to those presented in Appendix J, constructing the 
soil water retention curve. The basic method involved placing the wetted blocks 
within the pressure plate chamber and surrounding each block with soil. 
Pressure and associated moisture content was recorded, including the resistance 
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at each equilibrium point, in which a calibration curve of resistance vs. 
moisture content or pressure head was created. The methods were obtained 
from Gardner (1986) and from SoilMoisture Equipment Corporation, with some 
method modifications listed below. 
1. Disturbed sand fraction (gravel-excluded) sieved soil obtained from test site 
cores were used in the calibration process. 
2. Water used for wetting the soil and moisture blocks was obtained from 
groundwater below the research area, collected from well M15. 
3. Fabricated aluminum forms were used to maintain the soil in contact with the 
moisture blocks. 
4 The pressure plate chamber was modified to allow interrogation by a 
resistance meter while the chamber was under pressure. This involved 
sealing electrical wire junctions with silicon glue within the existing plugged 
chamber ports. The junctions were connected inside the chamber to the 
moisture block electrical leads, while a meter on the outside was connected to 
the electrical wire junction for interrogation of each moisture block upon 
equilibrium. 
Because of the length of time required to collect calibration data points and 
difficulties mentioned in the next section, only 3 moisture blocks were calibrated, 
M/T-1, M/T-9 and M/T-10. Figure 5 presents the calibration curve, representing 
an average of similar data from each moisture block. The calibration equation is 
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an exponential function. The single calibration equation derived from Figure 5 
will be used to represent all of the moisture block responses used for this 
research effort. 
Comments on Calibration Results: 
• There are inherent measurement errors associated with handling and 
moisture content determination of coarse-grained, loose sands/gravels. 
Appendix J discusses some of the problems encountered. 
• There was some meter drift when interrogating the moisture blocks while in 
the pressure chamber. That is, the resistance reading never truly stabilized. 
A typical reading of the resistance value yielded low or high deflection values 
where the resistance dropped to a minima then climbed back up to higher 
resistance (low deflection). Where a deflection point occurred, that resistance 
value was used as a calibration point. 
• The problem of describing the water retention relation at low pressures leaves 
large holes in the data set. Therefore, the exponential relation seen in the 
calibration curves may not be accurate at higher moisture contents and low 
pressures (i.e. low matric potentials). 
• Each measurement point was allowed anywhere from 9 to 24 hours for 
equilibration. This may not have been enough time, based on equilibration 
times for other soils described in the literature (Klute 1986). However, Urzula 
Choramanska (pers. comm.) believed only 3-5 hours is necessary for 
equilibration from past experience in similar soils. 
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Discussion of Field Measurements: 
CONTROL SITE DATA: 
A control site was established outside the drainfield region to test moisture blocks 
M/T-1 and M/T-9. The field measurements converted to volumetric moisture 
content is presented in Table 1. The resistance values measured correspond to 
moisture contents ranging around 0.10. 
For field calibration and validation purposes of the installed moisture blocks, M/T-
1 and M/T-9, soil cores were collected on March 3rd, 1999 from each borehole. 
Volumetric moisture contents were determined independently by drying and 
weighing. Average moisture content from the M/T-1 core were 0.12, similar to 
field values. Average moisture content from the M/T-9 core were 0.28, much 
higher than the field values measured by the moisture block. The cause may be 
an error in moisture content determination from the soil core, since the core from 
M/T-1 has much lower moisture contents. The M/T-1 moisture block data also 
correlates to a lower moisture content in the 0.1 range. The other obvious 
reason lies in calibration error. This seems less likely since the calibration data 
in the dry range for M/T-9 is in close agreement with the average calibration 
curve shown in Figure 5. Why little variation is seen in field moisture contents is 
not known. It may be that the soils are so well-drained, with low matric potentials 
that allow infiltration water to easily pass through these soils. Soil core lithology 
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revealed very clean, fine-medium size sand with less variation in grain size 
than the test site soils. 
TEST SITE DATA: 
Table 2 presents historical moisture block field data between April 15th, 1999 and 
May 26th, 1999. Table 3 presents moisture block field data during the 
MS2/bromide seeding experiment. 
A low level of confidence is associated with the moisture block information 
presented in Tables 2 and 3. This is due to the difficulty encountered during 
calibration, error in moisture content determination (at least 2% or as high as 
100%, Gardner, 1986) and lack of independent verification of moisture contents 
in-situ. Moisture contents determined from soil cores yielded an average of 0.10 
to 0.18, covering the same depth interval as the moisture blocks but from a 
different location in the test site area. Additional independent data are needed to 
increase confidence in the moisture block readings. 
Table 1. Control Site Moisture Block Results 
computed 
date ID # depth (cm) resistance vol. moisture content 
3.11.99 m/t-9 60.96 96.84 0.09 
m/t-1 152.4 90.13 0.10 
3.17.99 m/t-9 60.96 92.39 0.09 
m/t-1 152.4 91.59 0.10 
3.24.99 m/t-9 60.96 90.85 0.10 
m/t-1 152.4 128.81 0.05 
4.5.99 m/t-9 60.96 106.39 0.07 
m/t-1 152.4 94.79 0.09 
4.6.99 m/t-9 60.96 95.77 0.09 
m/t-1 152.4 99.08 0.08 
4.12.99 m/t-9 60.96 100.83 0.08 
m/t-1 152.4 95.13 0.09 
4.15.99 m/t-9 60.96 99.39 0.08 
m/t-1 152.4 75.33 0.13 
4.20.99 m/t-9 60.96 118.89 0.06 
m/t-1 152.4 84.37 0.11 
4.25.99 m/t-9 60.96 91.26 0.10 
m/t-1 152.4 64.54 0.15 
4.27.99 m/t-9 60.96 87.28 0.10 
m/t-1 152.4 71.62 0.13 
4.30.99 m/t-9 60.96 90.19 0.10 
m/t-1 152.4 89.23 0.10 
5.9.99 m/t-9 60.96 83.01 0.11 
m/t-1 152.4 83.43 0.11 
Table 2. Test Site Historical Moisture Block Results 
Volumetric 
date ID# depth (cm resistance Moisture comments 
content 
4.15.99 m/t-6 243.84 125.46 0.05 resistance values 
m/t-7 304.8 107.3 0.07 are low inflection 
m/t-4 320.04 137.61 0.04 
4.20.99 m/t-6 243.84 96.12 0.09 
m/t-7 304.8 86.23 0.11 
m/t-4 320.04 74.41 0.13 
4.25.99 m/t-6 243.84 72.67 0.13 
m/t-7 304.8 88.83 0.10 
m/t-4 320.04 61.11 0.16 
4.27.99 m/t-6 243.84 84.8 0.11 
m/t-7 304.8 120.7 0.06 
m/t-4 320.04 62.98 0.16 
4.30.99 m/t-6 243.84 71.16 0.14 approx. 3mm of 
m/t-7 304.8 154.86 0.03 precipitation 
m/t-4 320.04 58.31 0.17 
5.9.99 m/t-6 243.84 88.42 0.10 
m/t-7 304.8 86.37 0.10 
m/t-4 320.04 53.25 0.18 
5.21.99 m/t-6 243.84 66.91 0.15 1st tracer test-919am 
m/t-7 304.8 46.29 0.21 924am 
m/t-4 320.04 41.93 0.22 929am 
5.26.99 m/t-6 243.84 78.09 0.12 2nd NaCI tracer test-1205 
m/t-7 304.8 42.95 0.22 1207 
m/t-4 320.04 45.25 0.21 1154 
m/t-6 243.84 95.67 0.09 2025 
m/t-7 304.8 42.93 0.22 2026 
m/t-4 320.04 50.04 0.19 2027 
m/t-10 137.16 77.07 0.12 2022 newly installed 
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Table 3. Test Site Moisture Block Data During MS2/bromide Experiment 
M/T-10 137.16cm M/T-6 243.84cm 
time resistance vmc time resistance vmc 
5.27.99 728 85.23 0.1068 728 67.15 0.1448 
930 49.36 0.1952 1037 66.16 0.1472 choose 66.16 
1211 90.97 0.0970 1215 81.71 0.1134 
1422 39.15 0.2317 1430 88.46 0.1012 
2130 70.26 0.1374 2130 99.7 0.0838 
5.28.99 320 92.56 0.0945 320 74.95 0.1270 
543 96.46 0.0885 543 94.05 0.0921 
M/T-4 320.04cm M/T-7 304.8cm 
5.27.99 time resistance vmc 5.27.99 time resistance vmc 
728 39.58 0.2300 728 38.27 0.2352 
1030 41.39 0.2232 1035 54.9 0.1778 
1217 45.3 0.2090 1218 62.57 0.1563 
1425 53.45 0.1822 1428 56.29 0.1737 
2130 71.12 0.1354 2130 72.53 0.1323 
320 49.4 0.1951 320 58.85 0.1664 
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Figure 3. Field-Ready Moisture Block/Themistor Unit 
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ELECTRICAL MOISTURE MEASURING EQUIPMENT 
The Model 5910A Soilmoisture Meter is designed for portable use in making rapid 
readings of Model 5201 Gypsum Blocks. The Model 5201 Gypsum Blocks feature a slim, 
7/8" (.2.2 cm) diameter design, and come in a variety of lead lengths. 
5200 SERIES SOILMOISTURE BLOCKS 
Description 
5201L03 SOILMOISTURE BLOCK, 3' (0.9 m) leads 
5201L06 SOILMOISTURE BLOCK, 6' (1.8 m) leads 
5201L15 SOILMOISTURE BLOCK, 15' (4.6 m) leads 






5201, Soilmoisture Block 
591 OA SOILMOISTURE METER 
SOILMOISTURE METER 0.24 kgs 
Used for reading Model 5201 Soilmoisture Blocks. The meter is small, 
light weight, battery powered, and has a digital readout. 
591 OA. Soilmoisture Meter 
SOILMOISTURE EQUIPMENT CORP. 
801 S Keiioqg A.e Goleta. CA 93117 USA 
Phone (8C51 964 3525 - Fax: (805) 683-2189 - email: sales@soilmoisture.com - www soilmoisture.com 
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THIS ILLUSTRATES ONE "STATION" OF 3 BLOCKS AT DIFFERENT LEVELS. KEEP THE HOLES A30UT 
SIX INCHES APART. « 
Equipment needed In the field to instafi blocks: 
1. Soilmoisture Blocks #5201 
2. Soiomolsture Meter #591G-A 
3. Container of water to soak blocks before installing. 
4. 8room stick with slot to push blocks Into slurry. 
5. Auger - use one siightly larger than block. 
6. Bucket - to mix sfurry. 
7. Shovel to refill hole-
8. Book - to record readings and date of 
installation and type o* soil. 
J! 
PLACE SLL'RRV IN 
SOTTQM OF HOLE. 
JSE STICK TO FORCE o^OCK 
DOWN AND SLURRY UP AROUND 
BLOCK TO ASSURE CONTACT WITH 
50) L. 
REFiLL HQ._; -£• 'AMPIMG SOIL 
SACK IN SMALL INCREMENTS. 
^0 39tfd 
h 




SOILMOISTURE EQUIPMENT CORP 
801 S. KELLOGG AVE. 
GOLETA, CA 93117 USA 
Phone: (805) 904-3525 Fax: (805) 683-2189 Valerie@soilmoisture.com 
Date: March 9, 1998 
To: Bill Woessner 
Company: University of Montana 
Fax Number. 1-406-243-4028 
From; Valerie Mendoza, Receptionist 
Subject Gypsium Blocks 
Number of pages including this page: 8 
Dear Mr. Woessner; 
Attatched please find the information you requested on our Gypsium Blocks. This is all 
the information I could find, I hope this is helpful. If you have any further questions 
please don't hesitate to call us. We would be pleased to be of service. 
. _ necessary 
mjow now wgter moves In the soil when 
u *now how water is extracted from Tfie soTT 
an Irrigation is applied. 
© 
LEVFLS 
Roofs hove ex fro c fed 
moisture from soil. 
Irrigation is needed. 
Water is being applied and 
ground is 100% wet down to 
the 1 ft. level. 
More water has been 
applied and ground ts now 
100% wet to the 2 ft. 
level. 
LEVELS 
More water has been added 
and ground is nov/- wet down 
to the 3 ft. lev^f. Now, the 
ground has been restored with 
sufficient water to bring it up 
to 100% field capacity. 
If more water is added, it will 
only run off or be lost to the 
underground. Each soil has a definite 
holding capacity. When it has been 
reached, you cannot add mo*"© water 
to the soi I. 
Again, the roots 
have removed water 
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- - .^r-sr-r-wr. win i ne soi I r~dfi3~Eecause sorrTsTweT trorn 
— -r we can use Soilmoisture Blocks to tell where the water penetrated. 





c Before Irrigation 
Readings are taken for each block just 
prior to irrigation. These readings are 
recorded in book. 
IMPORTANT 
When installing blocks, it Is important 
to place them in the root zone for that 
particular plant. But, it is very 
important to use enough blocks to get a 
good sample of the area to be irrigated. 
Use a small auger to drill the holes so that 
the roots will not be destroyed around the 
moisture blocks. 
After Irrigation 
Readings are taken two days after irrigation and art 
recorded in book. It is evident- that the water 
penetrated to the 21 level because the I1 and the 2' 
blocks came up to saturation- or a reading of 95 to 
lOCtSince the 3' black did not come up, we know the 
water did not penetrate to this depth. 
VARIOUS CROPS 
Various crops require a different depth 
of installation depending on the root 
depth. Some require blocks at the 18 inch 
level. Other crops require blocks to the 
10' level. 
( 2 - -( 
£0 3OTd dinm aausranios ssisESsgesi n-.n eeex/be/te 
. . . . . . . .  -  -  •  n:u icu" foor growth and, in the early stages, they do not exfen^ 191 
roots Into all the soil area. 
. V ./? '.vrkf^jC.^Tar.w.Y.*:•. 
In the root area, 
the soli will be depleted 
of its moisture-
In the area between plants, 
the soil with no roots will retain its 
moisture. 
For all practical purpose, it can be said that water will not be removed from th<? 
soil except by plant roots and some loss from surface evaporation. 
We should endeavor to apply only enough water to put back the amount used by 
the plants, plus the amount needed to replace the loss from surface evaporation. 
If leaching is desired, then additional warer can be applied. 
IF YOU USE A SUFFICIENT NUMBER OF SOIL MOISTURE BLOCKS, YOU WILL 




Install Blocks in the root zone of representative plants. Avoid placing blocks by 
dead plants or missing plants, or a replant in an older orchard. If blocks are placed 
by a replant, the information gained will apply only to that one small area around 
the replant. 
t>0 39tfd dino3 Hamsiopios 68T3S89S03I "II 86b I /by • cy 
Relationship of readings on Model 
IJ520J Soilmoisture Blocks to soil 
r&lTs+ure content and soil suction 
read with Model 5910-A Soil-
f^mbTsfure' Meter. 
_____ _C?>-
j. ...; ... «&/. M. ft* jV 
ifc:: OLYMPIC CI AT 
YOLO CLAY LOAM 
HANFORD SAND 
INDIO SANDY LOAM 
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Depth to Water Measurements 
From Well M15 
APPENDIX H 
DEPTH TO WATER MEASUREMENTS FROM WELL M15 
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Throughout the course of the research effort, depth to water table measurements 
were collected from groundwater monitoring well M15, near the test site area 
(see Figure 1). M15 was installed as part of previous research efforts by 
Lauerman (1997). Water level readings were collected periodically from M15 to 
determine vadose zone thickness. 
Well Construction and Installation 
M15 consists of a 5 cm diameter schedule 80 PVC pipe installed using 
conventional hollow stem auger drilling techniques. The well is perforated 
between 305 and 527 cm bis. Construction and installation details can be found 
in Lauerman (1997). 
Water Level Information 
Depth to water measurements were collected periodically beginning May 3rd 
1998 and ending May 27th 1999 in monitoring well M15, 153 cm from the 
injection site. Depth to water measurements within the PVC pipe were 
determined using a Solinst slope indicator electronic tape. Measurements were 
estimated to the nearest 0.005 feet and converted to centimeters below land 
surface (bis). 
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Depth to water measurements are presented in Table! Depth to water 
ranged from a seasonal low of 269.75 cm bis on October 16, 1998 to a high of 
390.75 cm bis on April 25, 1999. 
Table 1 indicates a maximum water table fluctuation of 120 centimeters in M15 
over the measurement period. From a vadose zone viewpoint, the vadose zone 
thickness gradually increased from Oct. 16, 1998 to a maximum thickness of 
390.75 cm on April 25, 1999. In other words, the vadose zone thickness is 
reduced to something on the order of 270 centimeters in fall to a maximum 
vadose zone thickness of 390 centimeters in the early spring. This has 
implications in predicting and quantifying viral transport and fate in the 
subsurface environment. A thicker vadose zone (i.e. longer transport distance) 
allows more time for the viruses to interact with the soil matrix, increasing 
adsorption and inactivation, reducing viable virus concentrations prior to entering 
the groundwater system. A decrease in vadose zone thickness by a rising water 
table surface may enhance virus transport by physically flushing attached viruses 
into the groundwater system. 
TABLE 1 
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DEPTH TO WATER MEASUREMENTS IN WELL M15 
depth to 
water (FT) depth to water top of casing 
date top of casing in centimeters below land surface 
5/3/98 12.510 381.305 
6/3/98 10.755 327.812 
10/16/98 8.850 269.748 
10/30/98 9.475 288.798 
1/23/99 12.475 380.238 
3/11/99 12.405 378.104 
3/24/99 12.505 381.152 
4/5/99 12.610 384.353 
4/12/99 12.755 388.772 
4/15/99 12.780 389.534 
4/25/99 12.820 390.754 
4/27/99 12.800 390.144 
4/30/99 12.735 388.163 
5/9/99 12.620 384.658 
5/21/99 12.585 383.591 
5/26/99 12.555 382.676 
5/27/99 12.450 379.476 
FIGURE 1. TEST SHE INSTRUMENTATION MAP N 
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Analytical Sampling Methods 
Results 
And 
Geochemical Parameter Calculations 
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APPENDIX I 
AQUEOUS CHEMISTRY ANALYTICAL SAMPLING METHODS, RESULTS 
AND GEOCHEMICAL PARAMETER CALCULATIONS 
Aqueous Sampling Methods: 
Soil water, drainline effluent, and groundwater was periodically collected from the 
test site for chemical analysis to establish geochemical trends and prevailing soil 
water chemistry during the MS2/bromide experiment within the research area. 
Lysimeters were sampled using a peristaltic pump. Dedicated tubing was used 
for each lysimeter. The sampling procedure involved first creating a vacuum of 
approximately 60 to 80 centibars within the lysimeter chamber using a peristaltic 
pump. The suction tube was then closed using a small tube clamp. Between 40 
and 60 minutes was needed to partially fill the lysimeter chamber. Approximately 
10 to 30 ml of soil water was obtained per lysimeter per sampling event. New 
nitrile or latex gloves were used between sample locations. 
Dedicated tubing was used for sampling both groundwater from well M15 and 
the drainline effluent via the injection assembly sample port (see Appendix D for 
injection assembly details). A peristaltic pump was used for both locations. 
Approximately 2 liters of groundwater and effluent was purged through the 
sample lines prior to collection. 
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All samples for laboratory analysis were collected in analytical grade plastic or 
glass bottles. The samples were placed on ice and taken to the Univ. of 
Montana-Missoula Environmental Analysis Laboratory for analysis. 
Dissolved oxygen (DO), conductivity, pH, and specific conductance were 
analyzed in the field using calibrated meters. Tables 1 through 5 present the 
results of the field analysis for the lysimeters, effluent and groundwater. 
Analytical results of three separate sampling events prior to the experiment are 
also attached. Standard analytical procedures using inductively coupled argon 
plasma emission spectrophotometry (Jerrell Ash) and ion chromatography 
(Dionex, AS4A column) were applied to quantify the general inorganic chemistry 
of septic effluent, septic-impacted soil-water and septic-impacted groundwater. 
Analyzed constituents included: Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, 
Mn, Mo, Na, Ni, P, Pb, S, Si, Sn, Sr, Ti, Zn, F, CI, N02-N, N03-N, NH4, S04, 
Organic C, and alkalinity. 
Geochemical Parameters: 
The general form of the one-dimensional viral transport equation is (Park et 
al.,1994): 
' D ^ l - y K . a t  
dz dz dz 
dC 
dt 
+ AC + 9\V\kpC 
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Where C is the viral concentration in groundwater, D is the longitudinal 
hydrodynamic dispersion coefficient, R is the retardation coefficient, V is the 
Darcy velocity, 0 is water content, kp is the colloidal filtration coefficient (Harvey 
and Garabedian, 1991), X is the viral inactivation rate, and t is time. 
A partial listing of the relevant geochemical and viral transport parameters is as 
follows, the input parameters drawn from various modeling codes (VIRALT, 
CANVAS, VIRTUS, HYDRUS1D). 
Example listing of input parameters: 
Solute/Virus: 
1 .retardation factor 
2.virus adsorption coefficient 
3. virus filtration coefficient 
4 adsorption isotherm function 
5. salinity stress function 
6. average solution concentration 
7. initial solution concentration 
8. solute dispersion coefficient 
9. ionic/molecular diffusion coefficient in free water 
10. concentration of virus in soil water 
11. concentration of virus in groundwater 
12. concentration of virus in infiltration water 
13. dispersivity coefficient of virus 
14 diffusion coefficient of virus 
15. solute partitioning coefficient 
16. solute flux 
17. solute dispersiviity 
18. virus sticking efficiency 
19. virus inactivation rate(s) 
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Listing of Known/Calculated/Estimated input Parameters: 
5. Salinity stress function or Sodium Adsorption Ratio SAR: 
Used as an index to describe irrigation water quality. Also an indicator relating to 
the soils cation exchange preference and activity level for chemical reactions. 
Sodium Adsorption Ratio (SAR) calculations 
Sample Name Na Ca Mg SAR 
Detection limit (mg/L) 0.1 0.01 0.005 
Sampled: 3/24/99 
INJ SLV-0 cm 13.51 9.502 3.073 5.39 
LSS1-6 cm 48.24 33.77 11.39 10.15 
LSS2-56 cm 54.69 51.47 16.04 9.41 
M15-262 cm 46.59 42.77 13.85 8.76 
M15 Field dupe 46.27 41.09 13.4 8.86 
Sampled: 4/6/99 
INJ. SLV-0 cm 49.39 43.77 13.29 9.25 
LSS1-6 cm 47.73 38.55 11.78 9.51 
LSS2-56 cm 55.29 53.96 16.63 9.31 
LSS3-121 cm 47.04 40.63 12.99 9.08 
M15-262 cm 45.13 50.02 15.25 7.90 
Sampled: 5/26/99 
INJ SLV-0 cm 57.87 39.06 12.96 11.35 
LSS1-6 cm 102.5 31.92 11.47 22.01 
LSS2-56 cm 63.69 40.05 13.07 12.36 
LSS3-121 cm 82.44 38.51 12.53 16.32 
M15-262 cm 73.74 47 44 15.1 13.19 
M15 field dupe 77.23 48.04 15.74 13.68 
6. average solution concentration (ionic strength) 
Ionic strength approximations using specific conductance values 
from Langmuir 1997, p. 124 using NaCI dominated waters 
relation is 1=1.6E-05 X conductance in 
microSiemens/centimeter 
depth below 0 cm 6 cm 56 cm 121 cm 290 cm 
injection milliS/cm 
conductance 1.08 0.95 0.96 0.8 0.66 
1.15 0.91 0.85 0.7 0.67 
1.29 0.868 0.82 0.68 0.81 
1.03 1.08 0.70 0.58 0.81 
1.14 1.06 0.66 0.87 0.69 
1.21 1.21 0.87 1.004 0.73 
1.194 1.031 0.84 1.28 0.68 
1.19 1.25 1.04 0.947 0.675 
1.011 0.95 0.72 0.881 0.997 
1.166 1.278 0.87 0.873 0.752 
5.27.99 1.092 1.065 0.80 0.58 0.73 
sums 12.553 11.652 9.130 9.195 8.204 
average 1.141 1.059 0.830 0.836 0.746 
convert to microS/cm 1141.182 1059.273 830 835.9091 745.8182 
ionic strength(ave) 0.001826 0.001695 0.001328 0.001337 0.001193 
mol/kg 
ionic strength 
day of seed 0.001747 0.001704 0.001278 0.000928 0.001168 
5.27.99 
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7. initial solution concentration of MS2, NaBr, NaCI 
injectate solution (in container): MS2-4 17E+09 Plaque Forming Units/milliliter 
(PFU/mL), NaBr-250 milligrams/Liter (mg/L), NaCI-19.33 milliSiemens/centimeter 
(mS/cm) 
solution injected and sampled immediately after injection: 
MS2-1.79E+09 PFU/ml, NaBr-146.247 mg/L, NaCI-12.05 mS/cm) 
10. Maximum concentration of virus in soil water (this is from peak breakthrough 
data) 
Injection Sleeve (3 cm from injection)-1.79E+09 PFU/mL 
LSS1 (6 cm from injection): 1.72 E+07 PFU/ml 
LSS2 (56 cm from injection): 2.87 E+07 PFU/ml 
LSS3 (121 cm from injection): 1.25 E+07 PFU/ml 
MV-1 (175 cm from injection): 2.27E+07 PFU/ml 
11. concentration of virus in groundwater 
20.5 hrs after injection in M15: 3.41 E+06 PFU/ml 
12. concentration of virus in infiltration water 
injectate solution concentration: 4.17 E+09 PFU/ml (plaque forming units-PFU) 
solution in soil water immediately after injection: 1.79 E+09 PFU/ml 
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19. Virus-MS2 inactivation rates: 
Table 4. Computed Inactivation Rates During MS2/bromide Seed 
inactivation rate (Iog10/day)= -0.181 +0.0214 
T(centigrade)(Yates and Yates, 1985) 
depth, cm time 
bis 5.27.99 
730 am Inact rate 930am Inact rate 1030am Inact rate 1215pm Inact rate 230pm Inact rate 
Celsius Celsius Celsius Celsius Celsius 
0 4.41 -0.086626 26.94 0.395516 27.45 0.40643 34.35 0.55409 
12 16.46 0.171244 16.46 0.171244 18.54 0.215756 20.89 0.266046 
122 17.94 0.202916 18.04 0.205056 18.10 0.20634 18.22 0.208908 
149 18.8 0.22132 18.82 0.221748 18.82 0.221748 18.81 0.221534 
183 16.99 0.182586 17.06 0.184084 17.21 0.187294 17.44 0.192216 
244 15.17 0.143638 15.26 0.145564 15.32 0.146848 15.44 0.149416 
274 14.39 0.126946 14.52 0.129728 14.54 0.130156 14.64 0.132296 
305 13.69 0.111966 13.70 0.11218 13.71 0.112394 13.72 0.112608 
320 13.65 0.11111 13.68 0.111752 13.70 0.11218 13.71 0.112394 
depth, cm 630pm Inact rate 930pm Inact rate 320am Inact rate 600am Inact rate 
Celsius Celsius Celsius Celsius 
0 16.50 0.1721 8.69 0.004966 5.71 -0.058806 
12 20.89 0.266046 19.26 0.231164 18.14 0.207196 
122 18.52 0.215328 18.60 0.21704 18.66 0.218324 18.67 0.218538 
149 18.81 0.221534 18.82 0.221748 18.84 0.222176 
183 17.57 0.194998 17.60 0.19564 17.66 0.196924 17.66 0.196924 
244 15.83 0.157762 15.89 0.159046 16.02 0.161828 16.05 0.16247 
274 15.00 0.14 15.12 0.142568 15.31 0.146634 15.35 0.14749 
305 14.85 0.13679 14.95 0.13893 14.99 0.139786 
320 14.83 0.136362 14.91 0.138074 14.96 0.139144 
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TABLE 1. TEST SITE FIELD CHEMISTRY-DRAINLINE EFFLUENT 
3 CM BELOW INJECTION/122 CM BELOW LAND SURFACE 
date conductivity TDS pH dissolved temp 
mS/cm g/L oxygen mg/L Centigrade comments 
10.16.98 1.08 0.54 7.21 1 
10.30.98 1.15 0.58 7.8 tracer test 
2.23.99 1.29 0.64 7.38 
4.15.99 1.03 0.51 6.62 11.8 
4.25.99 1.14 0.57 6.97 14.1 
4.27.99 1.21 0.6 7.15 4.8 11.5 
4.30.99 1.194 0.598 7.03 1.7 12.4 
5.9.99 1.19 0.59 6.84 0 8.2 
5.21.99 1.011 
5.26.99 1.166 7.73 0 
5.27.99 1.092 7.37 0 virus seed 
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TABLE 2. TEST SITE FIELD CHEMISTRY-LYSIMETER LSS1 
6 CM BELOW INJECTION/125 CM BELOW LAND SURFACE 
LSS1 
date conductivity TDS pH dissolved temp 
mS/cm g/L oxygen mg/L Centigrade comments 
4.5.98 0.95 0.47 7.59 7.5 12.7 
10.16.98 0.91 0.45 6.51 3.5 
10.30.98 0.868 0.434 9.4 tracer test 
2.23.99 1.08 0.54 6.99 
4.25.99 1.06 0.53 6.57 16.5 
4.27.99 1.21 0.6 6.42 5.6 10.9 
4.30.99 1.031 0.508 6.38 1.8 12.6 
5.9.99 1.25 0.62 6.49 4 4 7.9 
5.21.99 0.95 
5.26.99 1.278 7.71 2.9 at 1655 
5.27.99 1.065 7.48 0.6 virus seed 
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TABLE 3. TEST SITE FIELD CHEMISTRY-LYSIMETER LSS2 
56 CM BELOW INJECTION/175 CM BELOW LAND SURFACE 
date conductivity TDS pH dissolved temp 
mS/cm g/L oxygen mg/L Centigrade 
4.5.98 0.96 0.47 7.53 7.4 14.1 
10.16.98 0.85 0.42 6.11 5.3 
10.30.98 0.82 0.41 9.6 
2.23.99 0.70 0.35 5.72 
4.25.99 0.66 0.33 6.11 13.6 
4.27.99 0.87 0.43 6.2 4.2 11.7 
4.30.99 0.836 0.419 6.21 6 12.6 
5.9.99 1.040 0.51 6.52 5 7.3 
5.21.99 0.723 
5.26.99 0.873 6.46 3.5 





TABLE 4. TEST SITE FIELD CHEMISTRY-LYSIMETER LSS3 
121 CM BELOW INJECTION/24Q CM BELOW LAND SURFACE 
date conductivity TDS pH dissolved temp 
mS/cm g/L oxygen mg/L Centigrade comments 
4.5.98 
10.16.98 0.8 0.4 6.55 2.7 
10.30.98 0.7 0.35 10.2 
2.23.99 
4.15.99 0.68 0.34 6.29 12.4 
4.25.99 0.58 0.29 6.03 14.1 
4.27.99 0.87 0.43 6.36 2.1 13 
4.30.99 1.004 0.503 6.39 3.5 14.8 
5.9.99 1.28 0.64 6.61 4.3 9 
5.21.99 0.947 
5.26.99 0.881 6.91 2.9 
5.27.99 0.873 7.04 0.3 virus seed 
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TABLE 5. TEST SITE FIELD CHEMISTRY-GROUNDWATER WELL M1S 
290 CM BELOW INJECTION/409 CM BELOW LAND SURFACE 
date conductivity TDS pH dissolved temp 
mS/cm g/L oxygen mg/L Centigrade comments 
10.16.98 0.66 0.33 6.09 1.20 
2.23.99 0.67 0.33 6.48 
4.15.99 0.81 0.4 5.85 10.5 
4.25.99 0.81 0.41 5.6 14.1 
4.27.99 0.69 0.34 6.7 4.1 11.7 
4.30.99 0.73 0.36 6.15 1.3 11 
5.9.99 0.68 0.34 6.25 0.2 7.8 
5.21.99 0.675 
5.26.99 0.997 
5.27.99 0.752 6.93 0.8 virus seed 
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Cation Results from Test Site in ppm 
Sample Name Date Al As Ba Be Ca Cd Co Cr Cu Fe K 
Detection limit ppm sampled 0.065 0.005 0.005 0.01 0.01 0.005 0.01 0.005 0.005 0.015 0.015 
BPQL=below practical quantitation limit 
injection sleeve 3/24/99 BPQL BPQL 0.0428 BPQL 9.502 BPQL BPQL BPQL BPQL 0.0416 4.456 
LSS1 3/24/99 BPQL 0.007 0.057 BPQL 33.77 BPQL BPQL BPQL 0.0056 0.0359 19.3 
LSS2 3/24/99 BPQL 0.027 0.2848 BPQL 51 47 BPQL BPQL BPQL 0.0344 0.1655 17.21 
M15 3/24/99 BPQL 0.023 0.1277 BPQL 42.77 BPQL BPQL BPQL 0.0156 0.0196 18.11 
M15 field dupe 3/24/99 BPQL 0.024 0.1262 BPQL 41.09 BPQL BPQL BPQL 0.0158 0.0189 17.69 
injection sleeve 4/6/99 BPQL BPQL 0.1725 BPQL 43.77 BPQL BPQL BPQL 0.0053 0.1537 18.83 
LSS1 4/6/99 BPQL 0.011 0.068 BPQL 38.55 BPQL BPQL BPQL 0.0071 0.0264 16.85 
LSS2 4/6/99 BPQL 0.024 0.2788 BPQL 53.96 BPQL BPQL BPQL 0.0147 0.0189 18.8 
LSS3 4/6/99 BPQL 0.015 0.0702 BPQL 40.63 BPQL BPQL BPQL 0.0157 0.0186 15.49 
M15 4/6/99 4/6/99 BPQL 0.022 0.1647 BPQL 50.02 BPQL BPQL BPQL 0.0099 0.0211 17.87 
injection sleeve BPQL BPQL 0.1833 BPQL 39.06 BPQL BPQL BPQL 0.0052 0.1044 17.82 
LSS1 5/26/99 BPQL BPQL 0.0769 BPQL 31.92 BPQL BPQL BPQL 0.0061 0.0272 18 
LSS2 5/26/99 BPQL 0.01 0.0324 BPQL 40.05 BPQL BPQL BPQL 0.0111 0.0156 16.62 
LSS3 5/26/99 BPQL 0.015 0.1262 BPQL 38.51 BPQL BPQL BPQL 0.0173 BPQL 20.32 
M15 5/26/99 BPQL 0.022 0.1563 BPQL 47 44 BPQL BPQL BPQL 0.0207 0.0156 17.04 
M15 field dupe 5/26/99 BPQL 0.021 0.1603 BPQL 48.04 BPQL BPQL BPQL 0.0216 BPQL 18 
Quality Control 
LSS2 4/6/99 BPQL 0.024 0.2788 BPQL 53.96 BPQL BPQL BPQL 0.0147 0.0189 18.8 
LSS2 lab dupe 4/6/99 BPQL 0.02 0.2767 BPQL 53.4 BPQL BPQL BPQL 0.0145 0.0196 18.73 
LSS2 SPIKE 4/6/99 0.4976 0.387 0.7375 0.1052 69.16 0.1828 0.1911 0.4654 0.5094 0.5005 22.36 
% difference duplicate na 10% 1% NA 1% NA NA NA 1% -4% 0% 
spike added 0.5 0.5 0.5 0.1 20 0.2 0.2 0.5 0.5 0.5 5 
% spike recovery 100% 73% 96% 105% 97% 91% 96% 93% 99% 96% 99% 
•X-X-yXy*# •X*X*X'X*X"X"";X£X^X*y;X*C""*I£*«*« y|xJxjx-*:X:vy|:jy-:-; 
•X'X'XvX'X'X'XvXvX'X'X'X'X'X'X'X'X'X'X'X C'XvX'X'X'X'X'X'X'XvX "X<«Xv'%%"X<'X< •X'Z-Vlvtv '̂AvX'Sv vXvXvXvX'Xv ivv^A'Xv'v's": 
w,,v,v.p^v. .v.v.v.v.v,̂ .g..v.̂ r TPcT T327T BPQL BPQL 0.0156 :aoi96:': 
M15 lab dupe 3/24/99 BPQL 0.1284 BPQL 42.76 BPQL BPQL BPQL 0.0156 0.0198 18.03 
M15 SPIKE 3/24/99 0.4649 0.5643 0.0975 60.45 0.1692 0.1764 0.4315 0.4764 0.466 21.87 
% difference duplicate 93% 66% -1% NA 0% NA NA NA 0% -1% 0% 
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QUALITY CONTROL (cont.) Cation Results from Test Site in ppm 
Sample Name Date Al As Ba Be Ca Cd Co Cr Cu Fe K 
Detection limit sampled 0.065 0.005 0.005 0.001 0.01 0.005 0.01 0.005 0.005 0.015 0.015 
spike added 0.5 0.5 0.5 0.1 20 0.2 0.2 0.5 0.5 0.5 5 
% spike recovery na na 89% 98% 103% 85% 88% 86% 92% 90% 102% 
M15 4/6/99 BPQL 0.022 0.1647 BPQL 50.02 BPQL BPQL BPQL 0.0099 0.0211 17.87 
M15 field dupe 4/6/99 BPQL 0.021 0.1262 BPQL 41.09 BPQL BPQL BPQL 0.0158 0.0189 17.69 
% difference duplicate NA 7% 26% NA 20% NA NA NA -46% 11% 1% 
V_,VA,V__ WIIMM lllllllil liiil 
lit- 6/8/99 "iPst""""- 0.0769 BPQL 31.92 BPQL BPQL BPQL *0.0061" 6.6272 18 
LSS1 lab dupe 6/8/99 BPQL BPQL 0.0768 BPQL 32.19 BPQL BPQL BPQL 0.006 0.0304 18.09 
% difference duplicate NA 0% NA -1% NA NA NA 2% -11% 0% 
iiiiiiipiippiiiii iiiiiiiiiii iigplilsl liiiiii iili 
"iss/gst 
.v,v.vp ,̂ , ......... 
"1Tl563 BPQL 47 44 ""BPQL" BPQL BPQL a0207 0.0156 '17.04 
M15 field dupe 6/8/99 BPQL BPQL 0.1603 BPQL 48.04 BPQL BPQL BPQL 0.0216 BPQL 18 
% difference duplicate NA -3% NA -1% NA NA NA -4% //////////// -5% 
PREP BLANK 4/28/99 BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL 0.0174 
PREP BLANK 6/8/99 BPQL BPQL BPQL BPQL 0.0255 BPQL BPQL BPQL BPQL BPQL 0.055 
vjjjWgjvjxjw  ̂ 1i1i11s >*%%•>>'vX.;XvX»X; WMi§ 
•qomp™  ̂ "*6«/90" aiosr 1st 0:3935 0.3842 0.9952 0.3892 2.054 
COMP 6/8/99 1.835 1.969 0.1997 0.2001 1.916 0.3949 0.3853 0.9917 0.3824 2.029 3.617 
known value 2 2 0.2 0.2 2 0.4 0.4 1 0.4 2 4 
USGS T143 absolute value 0.0221 0.0152 0.0819 0.0085 53.7 0.0191 0.017 0.037 0.0223 0.222 2.5 
2 pseudo-sigmas 0.0166 0.0024 0.009 0.0013 4.4 0.003 0.0024 0.0052 0.0038 0.028 0.42 
USGS T143 LOW 0.0055 0.0128 0.0729 0.0072 49.3 0.0161 0.0146 0.0318 0.0185 0.194 2.08 
USGS T143 HIGH 0.0387 0.0176 0.0909 0.0098 58.1 0.0221 0.0194 0.0422 0.0261 0.25 2.92 
USGST143 4/28/99 0.0237 0.0174 0.0753 0.0083 55.86 0.0177 0.0166 0.034 0.0227 0.2217 2.483 
USGST143 4/28/99 0.0233 0.0171 0.0753 0.0084 55.2 0.0176 0.0167 0.0341 0.0227 0.2221 2.462 
USGST143 4/28/99 0.0236 0.0168 0.0751 0.0083 55.37 0.0175 0.0166 0.0338 0.0227 0.2213 2.456 
USGST143 6/8/99 0.0122 0.012 0.0808 0.0084 56.1 0.0184 0.0153 0.0372 0.0223 0.2139 2.621 
minimum 0.0122 0.012 0.0751 0.0083 55.2 0.0175 0.0153 0.0338 0.0223 0.2139 2.456 
maximum 0.0237 0.0174 0.0808 0.0084 56.1 0.0184 0.0167 0.0372 0.0227 0.2221 2.621 
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Cation Results from Test Site in ppm 
Sample Name Date Li Mg Mn Mo Na Ni P Pb S Si Sn Sr Ti TI V Zn 
Detection limit sampled 0.005 0.005 0.005 0.02 0.1 0.015 0.07 0.06 0.07 0.02 0.03 0.005 0.005 0.1 0.01 0.005 
injection sleeve 3/24/99 BPQL 3.073 0.0797 BPQL 13.51 BPQL 2.061 BPQL 0.6327 1.274 BPQL 0.0254 BPQL BPQL BPQL BPQL 
LSS1 3/24/99 BPQL 11.39 0.2542 BPQL 48.24 BPQL 7.603 BPQL 1.27 10.64 BPQL 0.0838 BPQL BPQL BPQL 0.016 
LSS2 3/24/99 0.0054 16.04 1.658 BPQL 54.69 0.0197 5.391 BPQL 10.32 13.03 BPQL 0.1104 BPQL BPQL BPQL 0.024 
M15 3/24/99 BPQL 13.85 0.2102 BPQL 46.59 BPQL 9.883 BPQL 3.966 12.27 BPQL 0.1012 BPQL BPQL BPQL 0.014 
M15 field dupe 3/24/99 BPQL 13.4 0.2011 BPQL 46.27 BPQL 10.01 BPQL 3.957 11.96 BPQL 0.1002 BPQL BPQL BPQL 0.014 
injection sleeve 4/6/99 BPQL 13.29 0.3905 BPQL 49.39 BPQL 9.368 BPQL 1.743 11 12 BPQL 0.1148 BPQL BPQL BPQL BPQL 
LSS1 4/6/99 BPQL 11.78 0.351 BPQL 47.73 BPQL 5.975 BPQL 7.987 11.61 BPQL 0.0978 BPQL BPQL BPQL 0.039 
LSS2 4/6/99 0.0057 16.63 1.695 BPQL 55.29 BPQL 4.324 BPQL 6.64 13.62 BPQL 0.1168 BPQL BPQL BPQL 0.017 
LSS3 4/6/99 BPQL 12.99 0.3825 BPQL 47.04 0.0266 6.546 BPQL 3.149 11.96 BPQL 0.1141 BPQL BPQL BPQL 0.049 
M15 4/6/99 0.0053 15.25 0.5741 BPQL 45.13 BPQL 7139 BPQL 5.111 13.57 BPQL 0.1151 BPQL BPQL BPQL 0.015 
injection sleeve 5/26/99 BPQL 12.96 0.2653 BPQL 57.87 BPQL 7.812 BPQL 1.519 8.631 BPQL 0.1035 BPQL BPQL BPQL BPQL 
LSS1 5/26/99 BPQL 11.47 0.4322 BPQL 102.5 BPQL 6.654 BPQL 2.827 8.257 BPQL 0.0885 BPQL BPQL BPQL 0.019 
LSS2 5/26/99 BPQL 13.07 0.298 BPQL 63.69 BPQL 8.897 BPQL 3.678 8.684 BPQL 0.1147 BPQL BPQL BPQL 0.006 
LSS3 5/26/99 BPQL 12.53 0.9743 BPQL 82.44 BPQL 6.753 BPQL 6.681 9.321 BPQL 0.096 BPQL BPQL BPQL 0.010 
M15 5/26/99 BPQL 15.1 0.7172 BPQL 73.74 BPQL 8.326 BPQL 3.559 8.685 BPQL 0.1117 BPQL BPQL BPQL 0.018 
M15 field dupe 5/26/99 BPQL 15.74 0.753 BPQL 77.23 BPQL 7.895 BPQL 3.543 8.675 BPQL 0.1162 BPQL BPQL BPQL 0.019 
Quality Control 
LSS2 4/6/99 0.0057 16.63 1.695 BPQL 55.29 BPQL 4.324 BPQL 6.64 13.62 BPQL 0.1168 BPQL BPQL BPQL 0.017 
LSS2 lab dupe 4/6/99 0.0057 16.64 1.679 BPQL 55.82 BPQL 4.273 BPQL 6.562 13.63 BPQL 0.1158 BPQL BPQL BPQL 0.017 
LSS2 SPIKE 4/6/99 0.5716 19.85 2.01 0.1888 58.46 0.4846 5.05 0.5012 11 16 17.35 0.2037 0.5443 0.0951 0.548 0.1896 0.511 
% difference duplicate 0% 0% 1% NA -1% NA 1% NA 1% 0% NA 1% NA NA NA 1% 
spike added 0.6 5 0.5 0.2 10 0.5 1 0.5 5 5 0.2 0.5 0.1 0.5 0.2 0.5 
%spikerecoyery 94% 87% 90% 94% 65% 97% 108% 100% 101% 93% 102% 87% 95% 110% 95% 99% 
M15 1:2102" HpqT ^59 xbpqr •::ipqr 3?966 X1Z27 
Slllil 
BPQL x'aioi2: xipqr :'1PQL: "SPST x'aoT4 
M15 lab dupe 3/24/99 BPQL 13.8 0.2105 BPQL 46.78 BPQL 9.886 BPQL 3.97 12.29 BPQL 0.1008 BPQL BPQL BPQL 0.015 
M15 SPIKE 3/24/99 0.5298 17.38 0.627 0.1747 51.7 0.4423 10.1 0.4607 8.937 16.08 0.188 0.5039 0.0887 0.513 0.1778 0.472 
NA 0% NA 0% NA 0% NA 0% 0% NA 0% NA NA NA -2% 
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Quality Control-(cont.) Cation Results from Test Site in ppm 
Sample Name Date Li Mg Mn Mo 
Detection limit sampled 0.005 0.005 0.005 0.02 
% spike recovery 88% 91% 86% 87% 
M15 4/28/99 15.25 0.5741 BPQL 45.13 
M15 field dupe 4/28/99 13.4 0.2011 BPQL 46.27 






























































LSS1 5/26/99 11 47 0.4322 BPQL 102.5 
LSS1 lab dupe 5/26/99 11.55 0.4114 BPQL 103.2 
M15 5/26/99 15.1 0.7172 BPQL 73.74 
















































% difference duplicate -4% -5% NA -5% NA 5% NA 0% 0% NA -4% NA NA NA -2% 
PREP BLANK 4/28/99 BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL 
PREP BLANK 5/27/99 0.0183 BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL BPQL 
COMP 6/8/99 1.881 0.4087 1.949 1.847 0.4072 1.897 i.969 1.817 1.851 0.77 0.1894 1.962 0.9495 0.384 0.933 
COMP 6/8/99 1.812 0.4072 1.949 1.759 0.4068 1.918 1.953 1.833 1.792 0.7786 0.1867 0.9733 0.942 0.385 0.929 
known value 0.4 0.4 0.8 0.2 0.4 
USGS T143 absolute value 
2 pseudo-sigmas 
USGS T143 LOW 
USGS T143 HIGH 
10.4 0.0182 0.0361 34 0.071 0.0834 10.94 
1 0.0038 0.0086 3.2 0.01 0.0142 1.64 
9.4 0.0144 0.0275 30.8 0.061 0.0692 NA 9.3 













4/28/99 10.04 0.0163 0.0355 30.79 0.0702 0.021 0.0877 7-409 
4/28/99 9.924 0.0162 0.0351 30.39 0.0697 0.02 0.0874 7 442 
4/28/99 9.926 0.0162 0.0353 30.47 0.0696 0.0221 0.0872 7.359 
6/8/99 10.83 0.0188 0.0355 35.61 0.072 0.0125 0.0859 6.641 
12.65 0.0037 0.288 0.0005 0.0076 0.029 0.0183 
12.6 0.0039 0.2846 0.0005 0.0067 0.028 0.0183 
12.58 0.0034 0.2843 0.0005 0.0058 0.028 0.0182 
9.806 0.0036 0.3162 0 0.0008 0.029 0.0183 
minimum 
TOO LOW? 
9.924 0.0162 0.0351 30.39 0.0696 0.0125 0.0859 6.641 
00 LO NA 
9.806 0.0034 0.2843 0 0.0008 0.028 0.0182 
TOO LO 00 LO 00 LO 
Anion Results from Test site 
Sample Name date sampled F (ppm) CI (ppm) N02-N (ppm) N03-N (ppm) S04 (ppm) 
LSS1-6 cm below injection 3/24/99 0.17 58.0 <0.1 2.77 3.80 
LSS2-56 cm 3/24/99 0.14 52.8 <0.1 17.2 29.8 
LSS3-121 cm 3/24/99 0.17 53.7 <0.1 27.5 19.9 
M15-262 cm 3/24/99 0.16 52.6 <0.1 27.4 11.5 
M15 field dupe 3/24/99 0.16 52.8 <0.1 27.6 11.8 
Injection sleeve-0 cm 3/24/99 2.57 59.1 <0.1 <0.75 3.57 
LSS1 4/6/99 0.11 51.7 1.10 72.2 69.6 
LSS2 4/6/99 0.12 52.1 <0.1 62.2 19.5 
LSS3 4/6/99 0.17 52.5 0.196 50.1 10.5 
M15 4/6/99 0.16 45.9 <0.1 50.3 16.0 
injection sleeve 4/6/99 1.24 53.6 <0.1 <0.75 5.24 
LSS1 5/27/99 <0.1 81.0 <0.1 2.2 3.7 
LSS2 5/27/99 <0.1 68.7 <0.1 44.9 19.2 
LSS3 5/27/99 1.2 191.5 <0.1 8.9 7.6 
M15 field duplicate 5/27/99 <0.1 120.7 <0.1 31.6 10.6 
injection sleeve 5/27/99 <0.1 57 1 <0.1 0.9 6.4 
M15 5/27/99 <0.1 123.6 <0.1 31.0 10.9 
Quality Control 
LSS1 4/6/99 0.11 51.7 1.10 72.2 69.6 
LSS1 LAB DUP 4/6/99 0.11 51.8 1.08 72.1 69.7 
% difference 2.6 0.18 1.7 0.24 0.09 
LSS1 4/6/99 0.11 51.7 1.10 72.2 69.6 
LSS1 LAB DUP 4/6/99 0.11 51.8 1.08 72.1 69.7 
LSS1 LAB SPK 1/10 4/6/99 0.20 57.0 1.22 80.2 112 
duplicate % Diff. 3% 0% 2% 0% 0% 
% spike recovery 100.0 104.6 112.1 101.2 98.9 
M15 1:10 dilution 5/27/99 <0.1 124 <0.1 31.0 10.9 
M15 lab dup1:10 dilution <0.1 124 <0.1 31.1 11.0 
M15 lab spike 1:10 dilution 2.10 121 1 11 38.5 20.0 
%DIFF NA 0.6% NA NA 0.9% 
SPIKE ADDED 2 10 2 10 10 
%SPIKE RECOVERY 105.1% 93.2% 55.5% 106.6% 101.7% 
qc spex (6-12) TOO HIGH 19.0 0.93 9.95 19.4 
1/2 qcspex (6-12) 1.29 19.0 0.92 9.68 19.4 
qc spex 1.53 18.26 0.66 9.87 TOO HIGH 







Organic Carbon from Test Site 
sample name Analysis d Organic Carbon 
(ppm) 
LSS1 5/26/99 6/9/99 158 
LSS2 5/26/99 6/9/99 7.5 
LSS3 5/26/99 6/9/99 10.7 
INJ. SLEEVE 6/9/99 17.34 
LSS2 LD 6/9/99 7.38 
M15 5/26/99 6/9/99 7.3 
M15 5/26/99 F 6/9/99 6.4 
Ammonia-NH4 from Test Site 218 
Sample Name Date Analyst Concentration (mg/L) 
LSS1 4/6/99 CW 32.2 
LSS2 CW 0.2 
LSS3 CW 2.5 
M15 CW 1.3 
INJ SLEEVE CW 62.0 
M15 LAB DUP CW 1.3 
M15 FIELD DUP CW 1.2 
LSS1 3/24/99 JF/LB 49.4 
LSS1 lab dupe JF/LB 53.75 
LSS2 JF/LB 0.2 
LSS3 JF/LB 17 
LSS3 JF/LB 17.9 
INJ SLEEVE JF/LB 56.9 
INJ SLEEVE lab dupe JF/LB 64.8 
M15 field dupe JF/LB 0.411 
M15 field/lab dupe JF/LB 1.5 
M15 JF/LB 0.58 
M15 lab dupe JF/LB 1.5 
LSS2 SPIKE JF/LB 0.458 
LSS2 4/6/99 4/8/99 CW 0.160686 
LSS2 SPIKE 4/6/99 4/8/99 CW 0.247787 
% spike recovery 1.031697 
Appendix J 




Soil Water Retention Curve Procedures and Results 
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The relationship between capillary negative pressure head (i.e. matric potential), 
h, and the volumetric soil water content, 0, is termed the soil water retention 
function (curve). From the h(0) relation, the unsaturated hydraulic conductivity, 
K(0) and diffusivity D(0) can be determined. Either K(0) or D(0) is needed to 
solve the rate equation for water and solute movement in the unsaturated zone. 
The construction of the retention curve is analogous to an aquifer pump test, in 
that both tests measure the response of the system to an induced stress. The 
relation between h and 0 is commonly performed in the laboratory using 
representative soil samples from the site. The basic method involves placing the 
soil samples in a pressure chamber and incrementally applying a known air 
pressure while measuring the soil moisture content after equilibrium within the 
sample has been achieved. The method is often laborious and time-consuming. 
Simpler, faster methods have yet to gain acceptance within the soil science 
community. 
This appendix details the procedure used to construct the soil water retention 
curves using the pressure plate outflow method described by Klute, (1986). For 
the interested reader, Klute (1986) discusses alternative methods for deriving the 
soil hydraulic properties. 
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Procedure 
A 15 bar pressure plate assembly (Soil Measurement, Tucson, AZ), model 
1500G1, was used to determine h(0) over the range of 0 to 1 bar or 0 to 1020 cm 
H2O Catalog cuts of the pressure plate assembly have been included at the end 
of this document. The following steps pertain to disturbed, sand fraction soil 
samples. 
1. Saturate the 1 bar ceramic plate overnight, preferably in the same soil water 
from the site. 
2. Create a saturated paste of soil, place saturated sample within plastic circular 
forms (4 cm diameter, 1 cm high), generally 50 to 100g of soil, situated on top 
of the ceramic plate within the pressure assembly. 
3. Collect another sample of the saturated soil to determine the saturated 
volumetric moisture content 0S of the soil. 
4. Place up to 10 soil samples on ceramic plate, close pressure plate lid and 
tighten screws. Apply air pressure to the assembly, generally from a 
compressed air source or air compressor. 
5. At a steady air pressure, observe fluid flow from the outflow tube until water 
has ceased flowing. For FHS coarse-grained test soils, this was between 4 
and 12 hours, depending on the pressure applied. The soil water remaining 
in the soil samples has now equilibrated with the applied pressure head. 
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6. Shut compressed air source off and remove soil samples from pressure 
plate unit. Determine volumetric moisture content. This is the amount of soil 
moisture that is retained by the soil under a prescribed pressure head. 
7. Repeat steps 4-6, using new soil samples each time, starting from saturated 
soil each time. This is a drying scanning curve and defines one arm of the 
hysteresis loop of the soil water retention curve. 
8. When at least three 0 values at increasing pressure heads are similar, the test 
may be stopped and the residual volumetric moisture content, 0r, is 
determined. 0r is the irreducible moisture content at which pressure head 
goes to infinity without any further reduction in soil moisture content of the 
sample. 0r does not contribute to fluid flow. 
9. Tabulate h and corresponding 0. Plot h vs. 0 on arithmetic scale. Convert h to 
cm of H2O for ease of manipulation in subsequent applications, a common 
unit reported in the literature. The resultant curve is the soil water retention 
curve and is a unique function of the particle size distribution and packing 
arrangement of the soil. 
10. Analyze or directly use the curve to relate field tensiometer data to moisture 
contents or vice versa. Or: Curve analysis fitting using various parametric 
models to find K(0), K(h), D(0), D(h) or C, the soil water capacity. 
11. For this study, h vs. 0 data for disturbed and undisturbed samples were 
analyzed using a computer program to find K(0) and K(h), presented in 
Appendix K. 
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Undisturbed soil samples-procedure modifications: 
1. Slice 2-3 cm thick soil samples from undisturbed macrocore samples. 
Considerable difficulty in handling the soil was encountered as a result of the 
large gravel fraction and low cohesion. 
2. The sliced samples were kept frozen until needed to minimize disturbance 
during transport to the laboratory. 
3. A silica flour slurry was used between the base of the soil sample and 
ceramic plate to insure hydraulic contact was maintained. 
4. Because each undisturbed soil sample had to be reused and preserved 
between each measurement of pressure head and moisture content, a filter 
paper and screen tray was used to minimize sample disturbance. This 
worked marginally well, while Klute (1986) describes use of cheesecloth to 
handle samples. 
Comments 
• For very coarse-grained soils, generally having low h values, care should be 
given to low pressure heads, sufficient to define the air entry value inflection 
point. The air entry value or bubbling pressure, is an important soil hydraulic 
property. It represents the pressure at which the largest pore begins to drain. 
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• Based on the soil water retention data collected from the FHS site, a 
tension plate assembly should have been used instead of the pressure plate 
assembly described in this appendix. This is because greater resolution of 
the h(0) relation at high moisture contents and low h values is needed to 
better define the air entry pressure head. Values from tensiometers and 
moisture content data collected from the field site were in the range of 10 to 
200 cm H2O matric potentials (negative pressure head) and moisture contents 
of 0.10 to 0.20. 
• Disturbed (gravel fraction sieved) and undisturbed soil core samples were 
used. 
• Because of the nature of the stony or gravelly undisturbed samples, it is most 
likely that volumetric moisture content measurements were subject to error. It 
seemed impossible to completely saturate the soil samples, owing to the low 
water holding ability of the coarse soils. Klute (1986) discusses some of the 
problems working with stony or gravel-dominated soils, stating that a 
correction factor for the moisture content is needed, using equations by 
Berger (1976). 
• Another large source of error comes from simple handling of each sample 
between the pressure plate, scale and oven. 
• Although pressure head-soil moisture equilibrium was achieved within hours 
for each measurement point, finer-grained soils may require several days for 
equilibration between measurements. 
225 
Results of Soil Water Retention Study 
Plotting pressure head against moisture contents, a curve that describes the 
response of the soil sample to an induced stress results. The retention curves 
obtained from this study are presented in Figures 1 through 3. Since an 
unknown amount of error was introduced in measurement error, these curves are 
less than ideal. For comparison, an ideal soil water retention curve is presented 
in Figure 4. In Figure 4, both limbs of the hysteretic loop is shown, representing 
the wetting history of the soil sample. The retention curves in this study 
represent only the drying cycle, called a drying scanning curve, meaning that the 
soil was initially saturated and drained to reach a pressure equilibrium. 
Examination of retention curves (Figure 1) constructed from disturbed, sand 
fraction size soil provide the following observations: 
1. The overall shapes of the replicate sample curves are very similar, reflecting 
similar grain size distribution and packing arrangement, as expected with 
replicate samples. 
2. Where the curve flattens upward at a moisture content of about 0.05, the 
residual moisture content is defined and occurs at a pressure head of 
approximately 160 cm H2O This is a relatively narrow effective pressure 
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head distribution and moisture content range. That is, large changes in 
moisture content occur with small variations in pressure head. 
3. Because of the lack of data points within the 0 to 100 cm pressure head 
range, the bubbling pressure value was not defined. Bubbling pressure is 
defined on a retention curve as the first reduction in moisture content with 
increasing pressure, and can be seen clearly in Figure 3. There was no way 
to know a priori where greater resolution was needed to define the bubbling 
pressure. In addition, as stated in the comments section, the pressure plate 
assembly allowed a pressure head resolution in 1 psi increments, which 
corresponds to about 68 cm of pressure. The poor resolution, combined with 
the practical problem of fluctuating air pressures within the pressure chamber 
created by the air compressor, increased the resolution problem. 
Undisturbed soil water retention curves collected from soil cores at the test site 
are shown in Figure 2 and 3, with Figure 3 providing the best data set for closer 
examination and analysis of hydraulic properties. The data set represented in 
Figure 3 will be analyzed further using a hydraulic parameter estimation 
computer program, presented in Appendix K. 
1. The three retention curves in Figure 2 and the one in Figure 3 represent, as 
close as possible with handling problems already mentioned, undisturbed 
sediment samples of a very coarse-grained nature, yielding somewhat 
different curves than those in Figure 1. 
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2. The most obvious differences from the disturbed soil samples are the very 
low saturated moisture contents (about 0.2). As touched on briefly, the gravel 
within the cores and associated macropores allowed the water to drain very 
easily and rapidly, pooling beyond the sample holder. It was therefore 
extremely difficult to obtain an accurate initial moisture content. This problem 
of initial saturation introduces an unknown degree of error into construction 
and analysis of the retention curves. 
3. A total of four or five data points was obtained, although the final data point at 
a pressure head of 1003 cm was not included. Residual saturation (about 
0.03) was already achieved at approximately 250 cm pressure head. 
Truncating the curve to 300 cm illustrates the range of interest. 
4. In Figure 3, 64 cm below the injection site, the retention curve is better 
developed than the rest. 
5. A well-defined air entry value is indicated of about 50 cm of pressure. As 
discussed already, the low saturated moisture content may have skewed the 
pressure distributions to the low end. The overall shape of the curve may be 
similar, and may be an issue of sliding the retention curve higher along the 
moisture content scale. Porosity was measured to be 0.32, so it is likely that 
the initial or saturated moisture content of the undisturbed samples should be 
above 0.3. 
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5-Bar Pressure Plate 
Extractor 
: Model No. 1500G1 
15-Bar Pressure 
Plate Extractor 




15 Bar Pressure Plate Extractor 
(comes with 3 15-Bar Plates) 
PM Hinge (not shown) 
Adapter Plate (not shown) 
Connecting Hose, 60" long 
Soil Sample Retaining Rings, 1 doz. 
(not shown) 
5 Bar Pressure Plate Extractor 
(comes with 4 1-Bar Plates) 
3 Bar Pressure Plate Cells 
Connecting Hose, 60" long 
1 0700CG23 Manifold 










Model No. 0500FG_ 
Compressor 





5-Bar Pressure Plate Model 1500Q1 
Extractor 
(Tank not included) 
The Lab Setup 523 includes: 
1 1500G1 15 Bar Pressure Plate Extractor 
(comes with 3 15-Bar Plates) 
1 1080G1 PM Hinge (not shown) 
1 1081 Adapter Plate (not shown) 
1 0775L60 Connecting Hose, 60" long 
4 1093 Soil Sample Retaining Rings, 1 doz (not showr 
1 1600G1 5 Bar Pressure Plate Extractor 
(comes with 4 1 Bar Plates) 
4 0675B03M1 3 Bar Pressure Plate Cells (not shown) 
1 0776L60 Connecting Hose, 60* long 
1 0750CG23 Manifold 
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1500 15 BAR PRESSURE PLATE EXTRACTOR 
The Model 1500 15 Bar Pressure Plate Extractor is used to analyze the water-holding 
characteristics of soil samples throughout the pressure range of interest in most agricul­
tural applications. The pressure vessel is 4" ( 10 cmi deep and has an inside diameter of 
12" (30 cm). Up to 3 ceramic plates can be accomodated at one time, allowing approxi­
mately 36 2-1/4" samples to be analyzed simultaneously. The Model 1500 consists of a 
pressure vessel and lid. clamping bolts. O-ring seals, and outflow tube assemblies. The 





















15 BAR PRESSURE PLATE EXTRACTOR 
15 BAR PRESSURE PLATE EXTRACTOR, 






1500. 15 Bar Ceramic Plate Extractor 
ishown with PM Hinge attached) 
1/2 BAR HIGH FLOW PRESSURE PLATE 1.03 kgs 
1 BAR PRESSURE PLATE 1.02 kgs 
1 BAR HIGH FLOW PRESSURE PLATE 0.78 kgs 
3 BAR PRESSURE PLATE 0.99 kgs 
5 BAR PRESSURE PLATE 1.05 kgs 
15 BAR PRESSURE PLATE 0.82 kgs 
SAFETY PRESSURE RELEASE VALVE 0.10 kgs 
CONNECTING HOSE. 60" long 0.36 kgs 
Required to connect extractor to pressure control manifold 
RIGHT ANGLE OUTFLOW ADAPTER KIT 0.01 kgs 
Includes 3 outflow adapter assemblies 
PLUG BOLT KIT 0.04 kgs 
Includes 5 plug bolts with seals 
ELECTRICAL LEADTHROUGH 0.04 kgs 
PM HINGE (includes 1 each 1081 Adapter Plate> 2.25 kgs 
ADAPTER PLATE 0.05 kgs 
Used to adapt 1080G1 Hinge to 1500 Extractor 
SOIL SAMPLE RETAINING RINGS, one dozen 0.07 kgs 
1500  w i th  sample retaining 
0685 ceramic cup extractor 
Cup Extractors can be used to calibrate all types of electrical moisture measuring blocks. 
It is also suitable for soil moisture extraction work with vacuum systems. The Cup Ex­
tractors are 3-1/4 i8.3 cmi overall height by 2-1/2" (6.4 cmi outside diameter and will fit 
into the 1500 and 1600 Extractors. Inside cup dimensions are 1-3/4' (4.5 cm t, diameter by 
2" (5.1 cm) deep. 
Product No. Description 
0685B1F CUP EXTRACTOR, 1 Bar High Flow Ceramic 




0685. Cup Extractor 
REPLACEMENT PARTS, PRESSURE PLATE EXTRACTORS on page 46 
Page IS SOILMOISTURE EQUIPMENT CORP. 
801 S Kellogg Ave., Goleta. CA 93117 USA 
Phone: (805) 964-3525 - Fax: (805) 683-2189 - email sales@soilmoisture com - www soilmoisture.com 
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Figure 1. Soil Water Retention Curves-Disturbed Soils (sand fraction) 
Soil Water Retention Curve 
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Figure 2. Soil Water Retention Curves-Undisturbed Soils (sand/gravel fraction) 
Soil Water Retention Curve 
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• Drying cycle • Rideall clay loam 
o Wetting cycle • 3101 
o • 
o • 
^ \ • Silt of Nave-Yahr 




Sand o • o • 
4106 o • 
0.3 
Volumetric water content 
Soil-moisture-retention curves for three soifs for both drying and wetting cycles. Source: 
Yechezkel Mualem, Catalogue of Hydraulic Properties of Unsaturated Soils (Haifa, Israel: Technion, 1976). 
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Appendix K 
Analysis of the Soil 
Water Retention Data 
To Determine the Unsaturated 
Soil Hydraulic Properties 




Analysis of the Soil Water Retention Data to Determine the Unsaturated 
Soil Hydraulic Properties using the Computer Program RETC 
Introduction 
The growing recognition of the unsaturated zone as a dynamic receptor of 
contamination from a variety of causes has led numerous researchers to 
rigorously examine the movement of mass and tracers through the vadose zone 
environment. Computer models are routinely used to model these transport 
processes. The unsaturated soil hydraulic properties are the most important set 
of parameters governing the transport process. The current technology of 
developing sophisticated numerical models for water and solute (i.e. mass) 
transport seems well ahead of the ability of researchers to accurately quantify the 
increasing number of parameters required by these new mathematical models 
(van Genuchten, et. al., 1991). This is especially true for the unsaturated 
hydraulic properties. Although a large number of laboratory and field methods 
have been developed to measure these properties (Mute, 1986), most methods 
remain costly and time-consuming. Therefore, cheaper and easier methods are 
needed to improve and apply the existing theoretical rate equations of the 
unsaturated zone. 
An alternative to direct in-situ measurements of the unsaturated hydraulic 
conductivity is to use methods that predict the conductivity from more readily 
measured soil water retention data. These methods are primarily based on pore-
size distribution models, assuming water flow through cylindrical pores, 
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incorporating the equations of Darcy and Poiseuille. Use of these models still 
requires independently measured soil water retention data. The predictive 
solutions developed from the soil water retention data take the form of analytical 
expressions, which have become very popular in recent years. 
These analytical expressions used to determine the hydraulic functions are 
considered to be effective for many coarse-textured soils that exhibit relatively 
narrow pore-size distributions, but predictions for fine-textured and structured 
* 
field soils remain inadequate (van Genuchten, et. al., 1991). 
This appendix describes the application of the computer program RETC 
(RETention Curve) for describing the unsaturated hydraulic properties of the 
research site test soils at the Frenchtown High School (FHS). The program was 
produced by members of the U S. Salinity Laboratory (van Genuchten, Leiji and 
Yates) based on an earlier version of the SOHYP code developed by van 
Genuchten (1978). 
Overview of RETC 
Measured soil water retention data are described by the analytical equations of 
Brooks and Corey (1964) and van Genuchten (1980). The pore-size distribution 
models of Burdine (1953) and Mualem (1976) are then used to predict the 
unsaturated hydraulic conductivity function. The program allows input of soil 
water retention data only, evaluation of model parameters from measured 
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conductivity or diffusivity data, or generation of the model parameters from 
simultaneous fitting of measured retention and hydraulic conductivity data. For 
our purposes, the hydraulic functions will be predicted from observed retention 
data described in Appendix J. 
Soil Water Retention Models 
One of the most popular empirical functions has been the equation of Brooks and 
Corey (1964) (B-C equation): 
6 = {#r+ (Os - Or\ah) ^ where {ah ) A > 1 
0 - Qswhere (<ah)~A < 1 
Where 0r and 0S are the residual and saturated moisture contents, respectively; a 
is an empirical parameter (L"1) whose inverse is often referred to as the air entry 
value or bubbling pressure, and X is a pore-size distribution parameter affecting 
the slope of the retention function and h is the negative pressure head or 
negative soil suction, taken as positive for the purposes of discussion. 
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Van Genuchten's (1980) retention function is given by: 
S e = 
1 + a h  
n  m  
Where a, n and m are empirical constants affecting the shape of the retention 
curve. Se, the effective degree of saturation or reduced water content is given 
by: 
0  ~ 0 r  
o s - e r  
and 0 <= S- <=1. 
Mualem's Hydraulic Conductivity Model 
The model of Mualem (1976) for predicting the hydraulic conductivity of 
unsaturated soils can be written in general form: 
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K ( S e ) =  K s S  
where 
'/(S«) 
L  / ( / )  I  
/ ( s , ) =  ( 7 7 - ^  
0 h\x) 
in which Se is the effective degree of saturation, and / is a pore-connectivity 
parameter estimated by Mualem (1976) to be about 0.5 as an average for many 
soils. Standard operations are performed to obtain the form for many of the 
procedural applications of these equations and will not be discussed in further 
detail. Complete derivations can be obtained from the RETC manual. 
[Note: Mualem's equations may have a few errors as presented in this text, the 
notation taken from a downloaded copy of the RETC manual may have text 
errors in it. Need to double check this at a later date.] 
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Burdine's Hydraulic Conductivity Model 
The model of Burdine (1953) can be written in general form as follows 
* <*•>'= 
In which 
The pore-connectivity parameter I is the same as Mualem's model, accounting 
for the tortuous flow paths, assumed by Burdine to be 2. 
[Note: again, where the pore-connectivity parameter enters either Mualem's or 
Burdine's equation is in question and should be noted.] 
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Notes on using RETC Specific to this Research 
Several options within the menu-driven program are available for desaibing or 
predicting the hydraulic properties. These properties involve the soil water 
retention curve, 0 (h), the hydraulic conductivity function, K(h) or K(0), and the 
soil water diffusivity function D(0). Five independent parameters is given by the 
soil water retention equations: residual moisture content, 0r, the saturated 
moisture content, 0S, and the shape factors a, n and m. The predictive equations 
for K and D add 2 more unknowns, the pore connectivity parameter I, and the 
saturated hydraulic conductivity Ks. Imposing the restriction that m=1-1/n (as 
recommended by van Genuchten, et. al., (1991) as producing the best overall fit 
for coarse soils) reduces the independent parameters down to 6. 
RETC can be used or applied to four broad classes: 
1. The direct (or forward) problem: used to calculate the unsaturated soil 
hydraulic functions if the 7 above-mentioned independent parameters are 
specified without the need of retention data in the input file. 
2. Prediction of K/D from measured 0 (h) (retention data): allows for the fitting of 
the 6 or 7 unknown retention parameters to the retention data. The fitted 
retention parameters are then used to predict K/D using the models of 
Mualem and Burdine. 
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3. Prediction of 0 (h) from observed K/D data: this option can be used in 
certain cases where conductivity data is available, but no retention data as 
may be the case in very coarse-textured soils or gravelly soils when 
tensiometers may fail to operate correctly (van Genuchten et. al., 1991). FHS 
test site soils may fall into this category. 
4 Simultaneous fit of retention and K/D data 
For the present research effort documented in this study as part of the site 
vadose zone characterization process, option number 2, using measured 
retention data to generate the hydraulic functions will be presented in the next 
section. 
Results of RETC Analysis of Soil Water Retention Data to Generate the Soil 
Hydraulic Properties 
The results of the computed hydraulic conductivity function are attached as 
figures and output sheets indicating statistical information on the curve fitting 
process. Soil water retention data inputted into the model is also indicated in the 
output results and as a separate graph (Figure 3 from Appendix J). Three models 
were used, the first of van Genuchten with m=1-1/n and Mualem's conductivity 
model; Brooks-Corey with Mualem's conductivity model, and Brooks-Corey with 
the conductivity model of Burdine. 
243 
The only model that produced meaningful results was the retention model of 
van Genuchten, restriction m=1-1/n coupled with Mualem's model for the 
hydraulic conductivity. Residual moisture content and n and m were fixed, while 
allowing the saturated moisture content to remain at a value equal to measured 
porosities from the test site soils. Saturated hydraulic conductivity was computed 
to be 1.0 cm/day. The hydraulic conductivity as a function of pressure head 
(attached) reveals a narrow range of pressure head (0 to 80 cm), which is very 
narrow, but reasonable for this soil type. The narrow range of the conductivity 
function is a cause for concern with regards to error analysis. A small 
measurement error in the retention curve data, coupled with the small amount of 
retention data in the wet range, may yield errors that mask analysis of these soils 
using this type of predictive conductivity model. It would be desirable to re-run 
the retention curve with a tension plate assembly to increase resolution of the 
response of these coarse-textured soils within the active wet range, since most of 
the data points of the retention curve were measured in the very dry moisture 
content range, close to the calculated residual moisture content. Therefore, it is 
difficult to place much confidence using the RETC program to analyze the 
retention data. A more complete retention curve with better resolution, coupled 
by an independent alternative method for analyzing the hydraulic conductivity 
function should be used as a check on the validity of the RETC predictive 
equations to accurately obtain reasonable values for the soil hydraulic properties 
of this type of soil. 
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* * 
* ANALYSIS OF SOIL HYDRAULIC PROPERTIES 
* sample 6d3d2 * 
* fit to retention data from pressure plate * 
* * 
* MUALEM-BASED RESTRICTION, M=1-1/N 
* ANALYSIS OF RETENTION DATA ONLY 
* MTYPE= 3 METHOD= 3 
* explanation: thetaR=residual water content; thetaS=saturated water content; 
alpha=inverse of air entry value; n,m,l=curve fitters; Ks=saturated conductivity; 
WC=water content; P=pressure head; WC-obs, WC-fit, WC-dev=water content 
observed-fitted-deviation; D=diffusivity. * 


















OBS. NO PRESSURE HEAD WATER CONTENT WEIGHTING 
COEFFICIENT 
1 68.000 2200 1.0000 
2 136.000 .1100 1.0000 
3 231.200 .0620 1.0000 
4 476.000 .0270 1.0000 
5 1003.000 .0230 1.0000 
NIT SSQ ThetaR Alpha n 
0 .04697 .0200 .1450 2.6800 
1 .03155 .0204 .0714 2.2528 
2 .00604 .0243 .0342 1.9312 
3 .00300 .0195 .0263 1.8781 
4 .00125 .0098 .0193 1.9778 
5 .00047 .0073 .0149 2.2296 
6 .00014 .0209 .0141 2.5898 
7 .00002 0171 .0142 2.6299 
8 .00002 0171 .0142 2.6297 
9 .00002 0171 .0142 2.6297 
CORRELATION MATRIX 
Theta Alpha n 
1 2 3 
1 1.0000 
2 -.1987 1.0000 
3 .7359 -6691 1.0000 
RSQUARED FOR REGRESSION OF OBSERVED VS FITTED VALUES 
.99916055 
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NONLINEAR LEAST-SQUARES ANALYSIS: FINAL RESULTS 
95% CONFIDENCE LIMITS 
VARIABLE VALUE S.E.COEFF. T-VALUE LOWER UPPER 
ThetaR .01710 .00339 5.05 .0025 .0317 
Alpha .01419 .00036 38.98 0126 0158 
n 2.62975 09681 27.16 2.2132 3.0463 
OBSERVED AND FITTED DATA 
NO P LOG-P WC-OBS WC-FIT WC-DEV 
1 .6800E+02 1.8325 .2200 .2199 .0001 
2 .1360E+03 2.1335 .1100 .1108 -.0008 
3 .2312E+03 2.3640 .0620 0596 .0024 
4 .4760E+03 2.6776 .0270 .0305 -.0035 
5 .1003E+04 3.0013 .0230 .0211 .0019 
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SUM OF SQUARES OF OBSERVED VERSUS FITTED VALUES 
UNWEIGHTED WEIGHTED 
RETENTION DATA .00002 .00002 
COND/DIFF DATA .00000 .00000 
ALL DATA .00002 .00002 
SOIL HYDRAULIC PROPERTIES (MTYPE = 3) 
WC P LOGP 
0179 -.2749E+04 3.439 
.0186 -.1797E+04 3.254 
.0202 -.1174E+04 3.070 
.0233 -7669E+03 2.885 
.0264 -.5976E+03 2.776 
.0295 -.5005E+03 2.699 
.0326 -.4360E+03 2.640 
COND LOGK 
.8294E-10-10.081 
. 1098E-08 -8.959 
. 1455E-07 -7.837 


































































-.3895E+03 2.590 .1161E-04 -4.935 .1513E+00 -.820 
-3539E+03 2.549 .2065E-04 -4.685 .2102E+00 -.677 
-3256E+03 2.513 .3401E-04 -4.468 .2798E+00 -.553 
-3025E+03 2.481 .5283E-04 -4.277 .3602E+00 -.443 
-.2831E+03 2.452 .7836E-04 -4 106 4518E+00 -.345 
-.2666E+03 2.426 .1120E-03 -3.951 .5550E+00 -.256 
-2523E+03 2.402 .1551E-03 -3.809 .6701E+00 -.174 
-2398E+03 2.380 .2094E-03 -3.679 .7975E+00 -.098 
-.2287E+03 2.359 .2766E-03 -3.558 .9375E+00 -.028 
-.2187E+03 2.340 .3584E-03 -3.446 .1090E+01 .038 
-.2098E+03 2.322 .4568E-03 -3.340 .1257E+01 .099 
-.2017E+03 2.305 .5739E-03 -3.241 .1437E+01 .157 
-.1943E+03 2.288 .7118E-03 -3.148 .1631E+01 .213 
-.1875E+03 2.273 .8728E-03 -3.059 .1840E+01 .265 
-1812E+03 2.258 . 1059E-02 -2.975 .2065E+01 .315 
-1754E+03 2.244 .1274E-02 -2.895 .2304E+01 .363 
-1700E+03 2.231 .1519E-02 -2.818 .2560E+01 408 
-.1650E+03 2.217 .1798E-02 -2.745 .2833E+01 452 
-.1603E+03 2.205 .2112E-02 -2.675 .3123E+01 495 
-.1559E+03 2.193 .2467E-02 -2.608 .3431 E+01 .535 
-.1517E+03 2.181 .2864E-02 -2.543 .3758E+01 .575 
-.1477E+03 2.169 3306E-02 -2.481 .4104E+01 .613 
-1440E+03 2.158 .3798E-02 -2.420 .4470E+01 .650 
-1404E+03 2.148 .4343E-02 -2.362 .4857E+01 686 
-.1371 E+03 2.137 .4945E-02 -2.306 5265E+01 .721 
-.1339E+03 2.127 .5607E-02 -2.251 5696E+01 .756 
-.1308E+03 2.117 .6333E-02 -2.198 6150E+01 .789 
-.1279E+03 2.107 .7129E-02 -2.147 6628E+01 821 
-.1250E+03 2.097 .7998E-02 -2.097 .7132E+01 .853 
-.1223E+03 2.088 .8945E-02 -2.048 .7662E+01 .884 
-.1197E+03 2.078 9974E-02 -2.001 8219E+01 .915 
-.1172E+03 2.069 .1109E-01 -1.955 8806E+01 .945 
-.1148E+03 2.060 .1230E-01 -1 910 .9422E+01 .974 
-1125E+03 2.051 .1361E-01 -1.866 .1007E+02 1.003 
-1103E+03 2.042 .1502E-01 -1.823 .1075E+02 1.031 
-.1081 E+03 2.034 .1654E-01 -1.781 .1147E+02 1.059 
-.1060E+03 2.025 .1818E-01 -1.740 .1222E+02 1.087 
-.1039E+03 2.017 .1994E-01 -1.700 .1301E+0? 1.114 
-.1019E+03 2.008 .2182E-01 -1.661 .1384E+02 1.141 
-.1000E+03 2.000 .2385E-01 -1 623 .1471E+02 1.168 
-.9812E+02 1.992 .2601E-01 -1.585 .1563E+02 1.194 
-.9629E+02 1.984 .2833E-01 -1.548 .1659E+02 1.220 
-.9450E+02 1.975 .3080E-01 -1.511 .1760E+02 1.246 
-9276E+02 1.967 3344E-01 -1.476 .1867E+02 1.271 
-.9105E+02 1.959 3626E-01 -1.441 .1979E+02 1.296 
-.8938E+02 1.951 3925E-01 -1 406 .2096E+02 1.321 
.1778 -.8775E+02 1 943 4244E-01 -1 372 .2220E+02 1.346 
.1809 -.8615E+02 1 935 4584E-01 -1.339 .2351 E+02 1.371 
.1840 -.8458E+02 1.927 .4944E-01 -1.306 .2489E+02 1.396 
.1871 -.8303E+02 1.919 .5327E-01 -1.274 .2633E+02 1.421 
.1902 -.8152E+02 1.911 .5733E-01 -1.242 .2786E+02 1.445 
.1933 -.8003E+02 1.903 6164E-01 -1.210 .2948E+02 1,469 
.1964 -.7856E+02 1.895 6621E-01 -1.179 .3118E+02 1.494 
.1995 -7712E+02 1 887 .7105E-01 -1.148 3298E+02 1.518 
.2026 -.7569E+02 1.879 .7618E-01 -1.118 .3488E+02 1.543 
.2056 -.7429E+02 1.871 8160E-01 -1.088 .3690E+02 1.567 
.2087 -7290E+02 1 863 8734E-01 -1.059 3903E+02 1.591 
.2118 -7152E+02 1.854 .9342E-01 -1.030 .4130E+02 1.616 
.2149 -7016E+02 1.846 .9984E-01 -1.001 .4370E+02 1.641 
.2180 -.6882E+02 1.838 .1066E+00 -.972 .4626E+02 1.665 
.2211 -6748E+02 1.829 . 1138E+00 -.944 .4898E+02 1.690 
.2242 -.6616E+02 1.821 .1214E+00 -.916 .5188E+02 1.715 
.2273 -6484E+02 1.812 .1294E+00 -.888 .5498E+02 1.740 
.2304 -6353E+02 1.803 .1379E+00 -.861 .5829E+02 1.766 
.2335 -.6222E+02 1.794 .1468E+00 -.833 .6183E+02 1.791 
.2365 -.6092E+02 1.785 .1562E+00 -806 .6564E+02 1.817 
.2396 -.5963E+02 1.775 .1662E+00 -.779 6973E+02 1.843 
.2427 -.5833E+02 1.766 .1768E+00 -.753 .7413E+02 1.870 
.2458 -.5703E+02 1.756 .1879E+00 -.726 .7889E+02 1.897 
.2489 -.5574E+02 1.746 .1997E+00 -.700 8405E+02 1.925 
.2520 -.5443E+02 1.736 .2122E+00 -.673 .8965E+02 1.953 
.2551 -.5312E+02 1.725 .2253E+00 -.647 9574E+02 1.981 
.2582 -.5180E+02 1.714 .2393E+00 -.621 .1024E+03 2.010 
.2613 -.5048E+02 1.703 .2541E+00 -.595 .1097E+03 2.040 
.2644 -4913E+02 1.691 .2698E+00 -.569 .1178E+03 2.071 
.2675 - 4778E+02 1.679 .2864E+00 -.543 .1267E+03 2.103 
.2705 -4640E+02 1.667 .3040E+00 -.517 .1366E+03 2.136 
.2736 -.4500E+02 1.653 .3228E+00 -.491 .1478E+03 2.170 
.2767 - 4357E+02 1.639 .3428E+00 -465 .1603E+03 2.205 
.2798 -.4210E+02 1.624 .3641 E+00 -.439 .1745E+03 2.242 
.2829 -4060E+02 1.609 .3869E+00 -412 .1908E+03 2.281 
.2860 -.3905E+02 1.592 4113E+00 -.386 .2097E+03 2.322 
.2891 -.3745E+02 1.573 .4376E+00 -.359 .2319E+03 2.365 
.2922 -.3577E+02 1.554 .4658E+00 -.332 2582E+03 2.412 
.2953 -3402E+02 1.532 4965E+00 -.304 .2901 E+03 2.463 
.2984 -.3215E+02 1.507 .5298E+00 -.276 .3297E+03 2.518 
.3015 -.3016E+02 1.479 .5664E+00 -.247 .3803E+03 2.580 
.3045 -2799E+02 1.447 .6069E+00 -.217 .4474E+03 2.651 
.3076 -2557E+02 1 408 6524E+00 -.186 5418E+03 2.734 
.3107 -.2280E+02 1.358 .7045E+00 -.152 .6860E+03 2.836 
.3138 -.1944E+02 1.289 .7663E+00 -.116 .9414E+03 2.974 
3169 -.1486E+02 1.172 .8451 E+00 -073 .1566E+04 3.195 
250 
3185 -.1139E+02 1.056 8983E+00 -.047 .2534E+04 3.404 
3192 -8738E+01 .941 .9335E+00 -.030 4028E+04 3.605 
3197 -.6162E+01 .790 9622E+00 -.017 .7305E+04 3.864 
3200 -.2566E+01 409 9909E+00 -.004 .3129E+05 4495 
3200 -.1069E+01 .029 9978E+00 -.001 .1312E+06 5.118 
3200 .0000E+00 1000E+01 .000 
END OF PROBLEM 
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IONIC AND MS2 TRACER TEST FIELD METHODS AND RESULTS 
Introduction: 
Use of 'mass conserving' or non-reactive ions injected into the subsurface 
provide valuable information on saturated and unsaturated flow properties of the 
porous media. Ionic tracers in solution such as NaCI and NaBr are commonly 
used to measure the velocity and dispersive properties of the porous matrix 
material. By sampling such injected tracers temporally and spatially, 
concentration breakthrough curves representing the transport behavior of the 
injected mass can be determined. 
It is often necessary to conduct a pilot tracer test prior to the main tracer 
experiment. This helps to define the required sampling frequency and timing to 
resolve the peak arrival of the tracer mass at successive distances within the 
scale of the experimental design. This information is often crucial, since 
uncertainties concerning velocity heterogeneities and the resultant effect on the 
tracer distribution is usually quite high. These uncertainties can also create 
prohibitive costs, due to the large number of samples usually needed. 
The movement of viruses between the soil surface and groundwater is still poorly 
understood. Relatively few field scale transport studies have been conducted 
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(Poletika et al., 1995). This is partly due to the difficulties involved with site 
instrumentation, and the inherent dynamic nature of the unsaturated zone. Field 
scale studies that are available suggest that viral transport is complex and 
difficult to model in undisturbed unsaturated soils (Poletika et al., 1995). 
The simultaneous injection of an inert (non-adsorbing) ionic tracer (NaBr) and a 
surrogate indicator bacteriophage such as MS2 into the unsaturated zone can 
allow relative comparisons between the transport behavior of the ionic tracer and 
the bacteriophage. Current analysis of MS2 attachment-detachment processes 
involves some quantification of the relation between the mass attached to the 
mass in the mobile state. This requires tight control over the spatial domain of 
the experiment. That is the reason why laboratory column experiments are 
preferentially conducted over field scale studies. It is easier to quantify and 
control such variables as transport velocity, solution strengths, breakthrough 
concentrations, and concentrations in the mobile state and those attached to soil 
surfaces. From a practical standpoint, it is much easier and less expensive to 
rerun experiments as needed, in addition to having a certain degree of control 
over the experimental conditions. Often, a three-dimensional control of the field 
environment is impractical or extremely difficult to obtain. 
Therefore, simultaneous monitoring of the inert tracer and bacteriophage in a 
one-dimensional field scale study allows a quasi-mass balance approach to 
examining relative transport behaviors. This study examined the relative 
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differences in the one-dimensional transport of MS2 and bromide through a 
coarse-grained vadose zone under an existing high capacity septic drainfield. 
Conceptual Experimental Design: 
The Frenchtown High School (FHS) provided an established, well-characterized, 
septic effluent-impacted subsurface environment. The underlying shallow 
unconfined aquifer was the subject of several studies on the survivability and 
transport behavior of bacteriophage MS2, phiX174, poliovirus and ionic tracers 
(DeBorde et al., 1998b; Woessner et al., 1998; Ball et al., 2000; Laureman, 
1997). The large multi-user septic drainfield and associated vadose zone 
provided an opportunity to conduct experiments that would link work previously 
conducted in the groundwater system. 
The basic concept behind the research effort was to simulate what would happen 
to an infectious viral population after exiting a single septic drainline and 
transport into the underlying vadose zone. This involved the seeding (injection) 
of concentrated aqueous phase tracers. 
By installing soil water samplers (lysifneters) directly below the test site drainline, 
the one-dimensional movement of artificially seeded tracers could be directly 
measured. Generated MS2 concentration profiles versus time (i.e. breakthrough 
curves) could then be compared to the relative movement of an inert tracer such 
as bromide to provide the pseudo mass balance analysis of MS2. 
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NaCI Conductivity Tracer Test 
One day prior to the MS2/bromide seeding experiment, a NaCI conductivity 
tracer test was initiated. The purpose was to provide a rapid and inexpensive 
tracer experiment to gain initial estimates of infiltration velocities, concentration 
distributions and recharge rates (i.e. sampling frequency) of lysimeters. This 
information assisted design of the MS2/bromide seeding experiment. Given the 
near steady state effluent loading of the site, the addition of the tracer was not 
viewed as affecting soil adsorption exchange site density or the ionic strength of 
soil water. 
A 15.2 L NaCI solution having an initial conductivity of 19.330 mS/cm was gravity 
delivered at an application rate of 3.55 L/min through the injection sleeve. Soil 
water sampling of the infiltrating tracer front was conducted through the 
lysimeters, MV-1 and M15, including the sampling port just below the injection 
sleeve. Conductivity measurements of the soil water solution were measured in 
the field using a Hachtm model conductivity meter. Mean pore water velocities 
and wetting front propagation were calculated from breakthrough curves. 
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Bromide, MS2 Bacteriophage Seeding Experiment 
High titers (109 PFU/mL) of MS2 bacteriophage were grown in broth cultures, and 
cell debris removed by low-speed centrifugation (4°C, 15 minutes at 3500 X g in 
a Beckman J6 centrifuge). The coliphage suspensions (<50 ml) were added to 
12.8 L of groundwater from well M15. NaBr was then added to the coliphage 
injectate water. The injectate concentration of MS2 was 4 17 X 109 PFU/mL and 
250 mg/L for Br. The 12.8 L mixture of groundwater, virus and NaBr was gravity-
delivered to the injection sleeve at an application rate of 2.74 L/min. Samples of 
drain line effluent at the injection point, the lysimeter array, MV-1 and M15 were 
collected over the next 20 hours. Sampling frequency was dictated by the 
recharge rate within the constant suction lysimeters (30-40 minutes, found from 
NaCI tracer test), distance from injection, and previous conductivity tracer test 
results. Samples were collected in sterile 50 mL polypropylene Oakridge 
centrifuge tubes, packed in ice and shipped to the University of Montana-
Missoula for storage at -70° C Bacteriophage assay error was +/-15% at 95% 
confidence limits using assay techniques described by DeBorde et al, (1998a). 
Bromide samples were filtered (0.45 ^m) in the lab and analyzed using a Dionex 
ion chromatograph (AS4A column) and standard procedures (Pfaff, 1993). 
Bromide concentrations were reported in mg/L to an instrument detection limit of 
0.2 mg/L. Field error and lab error assumed to be approximately 15% (DeBorde 
et al., 1998a, 1998b). 
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Results/Comments 
Breakthrough curves and raw data analysis sheets for the bromide/MS2 
experiment are attached. Breakthrough curves and data for the NaCI 
conductivity test are also presented. A detailed discussion of the breakthrough 
data for the bromide/MS2 experiment was presented in the main document. 
Comments on the bromide/MS2 breakthrough data not covered in the main text 
are presented below. 
1. velocity data: 
MS2 Bromide 
depth 
6 cm 0.075 0.05 
56 cm 0.1 0.09 
121 cm 0.58 0.67 
250 cm no data no data 
wetting front arrival at 250 cm port: 
MS2/Br: 1.14 
The velocity data from the tracer test reveals a wide variation in the velocity 
distribution with depth. This points to heterogeneities in the porous media, 
perhaps in the form of macrochannels, as exhibited by velocity at 121 cm sample 
point being much higher than sample points above it. Also, the main mass of the 
tracer arrived much earlier at the 121 cm transport length than at the 56 cm 
distance. The arrival of the infiltrating tracer solution wetting front versus arrival 
of the main tracer mass at the 250 cm length provides a rough indication of the 
longitudinal dispersive properties of the porous media, since estimation based on 
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incomplete data gives an estimated arrival of the MS2 tracer mass at the 250 
cm depth of about 600 minutes with a velocity of 0.42 cm/min. 
2. Relative attenuation analysis (attached) provides a pseudo-mass balance 
approach to gaining insight into the relative transport behavior of MS2 with 
respect to bromide. Negative values indicate more MS2 is present in 
solution than bromide. This is counter intuitive since bromide is the non-
reactive tracer. This is most obvious at the 56 cm transport distance. If finer-
grained material surrounds this sampler, then perhaps more bromide diffused 
into dead-end pore spaces, unavailable for sampling. Since MS2 is a 
particle, diffusion is less likely into dead-end pores or immobile water. The 
transport mechanism then should be hydraulically dominated, following the 
main pathways available for fluid flow. This observation suggests a mobile-
immobile tracer mass of bromide, characterized by sharp concentration 
fronts and long tailing. Mass balance discrepancies in tracer mass has been 
seen in a groundwater system at the Columbus Air Force base in Mississippi. 
The researchers found at early times that the observed solute mass 
exceeded the injected mass, while at later times fell below the injected mass. 
A rate-limited transfer of mass into or out of low permeability regions by 
molecular diffusion was postulated (Harvey and Gorelick, 2000). 
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May 1st, 2000 rough notes on anomalous breakthrough data at 3 and 
6cm 
Problem: 
Enrichment of bromide/MS2 at 6cm relative to injection site at 3cm. Tails of br 
and MS2 at 3cm level off after approx. 500minutes, to a 3.5 log drop from unity. 
Bromide/MS2 tails off at 6cm depth of 2.5logs after 500 minutes. 
Why is there less remaining at 3cm and more still remaining at 6cm? 
Can you have an increase in mass at same time intervals? 
Does media have influence? 
Dispersion, advection and diffusion have an effect on differences? 
Why is there more ms2 than bromide in mobile sampling phase at 6cm after 600 
minutes? 
All MS2 left injection site (3cm) within first 200 minutes, a final reduction of about 
3.5 logs then near equilibrium, ending at 3.7 logs at end of test (20.5 hrs). 
1.75 log reduction at 6cm from injection at 80 minutes, final reduction of about 
2.8 logs at end of test. ^ 
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Change or increase in MS2 mass at 6cm occurring at 180 minutes, equilibria 
reached quickly-200 minutes 
At 6cm, change occurred between br and MS2 around 480 minutes, more ms2 
than bromide then stays above bromide to end of test 
At 3cm, bromide behavior looks greater than ms2, more conservative, intuitive 
behavior. 
CAUSE(S) OR POSSIBLE FACTORS/ISSUES EXPLAINING THE OBSERVED 
RELATIVE MASS INCREASE AT 6 CM SAMPLING DEPTH 
First: Are there any analogs in the literature whether saturated or unsaturated 
tracer experiments that exhibit mass discrepancies? 
Yes: research paper by Harvey, C. and Gorelick, S.M. in water resources 
research vol. 36, no. 3, march 2000, pp. 637-650. 
This research focused on trying to explain mass balance discrepancies of 
injected bromide tracer in a sandy unconfined aquifer. The tracer test and early 
mass balances indicate a calculated mass increase above the injected mass at 
early times, followed by a loss of calculated mass at later times. Although this is 
saturated flow, the basic problem is similar to that observed at this site. 
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The basic problem with 6 cm data is the observed MS2 C/Co and C/Co bromide 
higher than the area near the injection site at mid to late times. Also, after the 
first third of experiment had elapsed, the C/Co of MS2 increased over C/Co of 
bromide to the end of the experiment. 
1. Dispersion and dilution of injected mass (12.8L) within the fully saturated, 
standing water within the cobble-lined trench. Fully saturated effluent then 
mixes with the injected mass, or a portion of the injected mass moved as a 
slug of high concentration laterally along the trench, displaced by the gravity-
delivered tracer mass. This laterally displaced portion of the total tracer 
mass, which is initially unaffected by effluent pulsing, moves within the pooled 
effluent away from the injection site, this loss of mass away from the vertically 
arranged sampling points and main vertical infiltration path does not rapidly 
infiltrate at early times. Effluent pulsing data shows that the next pulse did not 
occur for about 40 minutes after injection. This increased, rapid introduction 
of the injected mass probably resulted in a high head gradient at the injection 
site, as the injected mass moved laterally along the higher conductivity 
material, flow direction changed after all the tracer was injected back to the 
injection site, bringing the displaced tracer mass back into a more 
hydraulically quiescent zone, still away from the injection site, but closer than 
before, followed by infiltration vertically, resulting in an addition of mass to the 
6cm point, bypassing the 3cm sample port. 
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2. alignment of the sampling array, as alluded to above, may be an issue, 
leaving the 6cm lysimeter in a higher conductivity zone than the injection 
area, so that tracer mass was preferentially moving to the lysimeter at 6cm, 
bypassing the 3cm port. 
3. The increase in MS2 relative to bromide at later times may be a result of pore 
size exclusion of MS2 and diffusion of bromide into lower conductivity zones, 
dead end pores or microscale velocity differences of the infiltrating tracer 
mass. 
4 Harvey and Gorelick postulated that a rate-limited mass transfer by diffusion 
accounted for the mass discrepancies, the effect is to limit the movement of 
bromide by a portion of bromide diffusing into finer-grained sediments, 
followed by slow diffusion back into the higher conductivity flow field, to be 
sampled by the samplers. Preferential sampling of high conductivity zones on 
the scale of 10 cm resulted in a bias or higher concentrations at early times, 
then slow diffusion back into the high conductivity zones resulted in the long 
tailing and mass balances found at later times. Where higher concentrations 
then long tailing of both MS2 and bromide occurred at 6cm, may be explained 
by this diffusion limited mass transfer model. 
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5. Another factor may be the fact that 2 very different sampling instruments 
were used in two vary dissimilar hydraulic environments: the 3cm port, 
situated within ponded conditions, cobble-zoned, highly conductive, fully 
saturated conditions. The sample point is an open ended, hand slotted, small 
diameter (0.3cm), tube, sampled by a peristaltic pump. The 6 cm sampling 
point is a stainless steel, porous 45 microns, that uses an induced vacuum 
within the lysimeter to suck soil water into the sample chamber, then pulled to 
the surface via a peristaltic pump. The lysimeter was positioned (?) directly 
below the 3cm sample port, possibly within the bottom of the trench, cobbled 
surface and native sand and gravel material. The material in which the 
lysimeter was positioned may or most likely was disturbed by installation. 
The lysimeter may also have been positioned within the 20 cm thick, 
biological mat, very black and represents hydraulically a lower conductivity 
layer. 
6. Sample volume may have been an issue. 3 cm sample port is within 
saturated soils, sample volume is relatively unlimited. The 6 cm lysimeter 
required up to 40 minutes for a volume of about 20ml. If the 6cm lysimeter, 
installed in partially saturated conditions, represents soil water collected from 
a spherical or highly irregular volume of indeterminate size and shape, but 
one can assume soil water on the scale of centimeters was drawn into the 
lysimeter and that the sample represents a composite sample over that time 
interval and pathways to the sample of the drawn soil water. The 3cm sample 
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port is more like a snapshot in time from a smaller sample region than the 
lysimeter below it. The 6cm is analogous to time-weighted or time-averaged 
composite sample. 
7. The reasoning above concerning sample time is important if we consider the 
lognormally distributed breakthrough profile. The 3 cm sample port samples 
some finite interval of the breakthrough curve while the 6 cm lysimeter 
samples a larger time interval, and therefore, a larger area of the developing 
breakthrough profile resulting in higher sample concentrations relative to the 3 
cm sample port. This is known as a sampling artifact. Since 3cm data shows 
a rapid drop in concentrations at early time, the remaining mass mixes with 
more effluent, further diluting concentrations relative to the infiltrating tracers. 
Therefore, the 6 cm lysimeter is drawing more concentrated tracer solution at 
early times, resulting in higher overall C/Co breakthrough data than the 3cm 
port above it, within the saturated trench zone. 
8. Why more mass of MS2 relative to bromide at later time at 6 cm exists 
represents preferential movement of MS2 along shorter flowpaths. Bromide 
can diffuse into lower velocity regions, dead-end pore spaces, intragranular 
pore spaces, null velocity regions and lower conductivity zones than can 
MS2-which cannot diffuse by molecular processes. 
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273 3 cm below injection tracer data 
INJECTION SLEEVE DATA-TRACER CONCENTRATIONS 
injectate solution volume-12.8L(br/ms2) 
where ND= not detected below 0.1 mg/L 
4.79E09 of 
MS2 Bromide tracer 
Co=146.25(use for analysis) 












































































































































15.2L injectate volume 
Co=19.330 mS/cm (container) 
use Co=12.050 
minutes conc. 
0 1.166 0.097 
1.45 9.370 0.778 
14.52 12.050 1.000 
26.7 7.810 0.648 
49.33 3.730 0.310 
61.17 3.740 0.310 
88.75 2.870 0.238 
123 2.480 0.206 
183 1.572 0.130 
246 1.278 0.106 
275 1.151 0.096 
303 1.006 0.083 
364 1.011 0.084 
475 1.016 0.084 
536 1.009 0.084 
274 LSS1-6CM BELOW INJECTION TRACER DATA 
Co=1.79E09 
Co=146.247 MS2 
bromide time(min) conc. C/Co 
PFU/mL 
time(min) mg/L C/Co 0 5.50E+00 3.07E-09 
10 0.1 0.000684 10 3.08E+02 1.72E-07 
30 4.79 0.032753 30 1.20E+06 0.00067 
50 7.05 0.048206 50 6.16E+06 0.003442 
80 10.1 0.069061 80 2.41 E+07 0.013459 
110 10.6 0.07248 110 9.46E+06 0.005285 
140 9.19 0.062839 139.8 7.59E+06 0.004241 
200 5.53 0.037813 160.2 1.72E+07 0.009588 
540 0.46 0.003145 199.8 1.67E+07 0.009342 
1230 0.19 0.001299 240 1.57E+07 0.008789 
300 1.61 E+07 0.008973 
360 8.80E+06 0.004917 
540 7.59E+06 0.004241 
720 9.68E+06 0.005408 
1080 4.69E+06 0.002618 
1230 3.86E+06 0.002157 
Co=12.05 
NaCI 
minutes conc. C/Co 
mS/cm 
0 1.278 0.106058 
1.45 9.66 0.80166 
51.52 9.36 0.776763 
69.06 6.02 0.499585 
104 3.96 0.328631 
146 2.51 0.208299 
186 1.74 0.144398 
210 1.353 0.112282 
249 1.178 0.097759 
298 1.11 0.092116 
331 0.997 0.082739 
362 1.008 0.083651 
405 0.994 0.08249 
468 1.044 0.086639 
520 1.006 0.083485 
579 0.98 0.081328 
663 0.953 0.079087 
275 LSS1-56 CM BELOW INJECTION TRACER DATA 
0 0.01 5.59E-12 
0 0.09 0.000615 60 0.990099 5.53E-10 0 0.873 
60 0.308544 0.00211 120 14301.43 7.99E-06 12.33 0.966 
120 0.305031 0.002086 180 990099 0.000553 55.06 0.932 
180 0.176905 0.00121 240 5830583 0.003257 113 0.924 
200 0.239395 0.001637 300 14301430 0.00799 137 0.925 
240 0.484604 0.003314 360 18151815 0.010141 183 0.879 
300 0.529641 0.003622 480 24202420 0.013521 214 0.877 
360 0.907 0.006202 540 28712871 0.016041 254 0.927 
420 1.2151 0.008309 600 21672167 0.012107 294 1.027 
480 1.427 0.009757 720 27832783 0.015549 327 1.193 
540 1.58368 0.010829 840 15291529 0.008543 359 1.255 
600 1.61975 0.011075 1080 22222222 0.012415 402 1.272 























































LSS3-121CM BELOW INJECTION TRACER DATA 
BROMIDE MS2 
time(min) mg/L C/Co MINUTES PFU/mL C/Co 
0 0.19 0.001299 0 0.330033 1.84E-10 
60 0.452 0.003091 60 1254125 0.000701 
120 1.62 0.011077 120 6270627 0.003503 
180 1.87813 0.012842 180 8800880 0.004917 
200 1.87446 0.012817 210 12541254 0.007006 
240 1.563 0.010687 240 6160616 0.003442 
270 1.26678 0.008662 270 2310231 0.001291 
300 0.986 0.006742 300 6600660 0.003688 
330 0.760943 0.005203 360 4620462 0.002581 
360 0.63 0.004308 480 2860286 0.001598 
480 0.524 0.003583 600 1859186 0.001039 
720 0.09 0.000615 720 2288229 0.001278 
840 0.202 0.001381 840 1452145 0.000811 
1080 0.511396 0.003497 1080 1111111 0.000621 
1230 0.1235 0.000844 1230 1672167 0.000934 
NaCL 
minutes mS/cm C/Co 
0 0.881 0.073112 
7.75 0.924 0.07668 
28.5 0.441 0.036598 
81.22 0.947 0.078589 
142 0.937 0.077759 
180 0.96 0.079668 
235 1.147 0.095187 
290 1.492 0.123817 
322 1.28 0.106224 
356 1.015 0.084232 
398 0.912 0.075685 
458 0.903 0.074938 
515 0.829 0.068797 
577 0.808 0.067054 
660 0.815 0.067635 
277 MV-1 175 CM BELOW INJECTION TRACER DATA 
MS2 
MINUTES PFU/MI C/Co 
0 16.72167 9.34E-09 
220.2 35.53355 1.99E-08 
240 65.12651 3.64E-08 
300 54.12541 3.02E-08 
360 5401.54 3.02E-06 
420 594059.4 0.000332 

























Soil Physical Properties 
APPENDIX M 
SOIL PHYSICAL PROPERTIES-RESULTS 
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The governing equation describing the one-dimensional movement of water in a 
variably-saturated porous medium is described by a modified form of Richard's 
equation neglecting vapor phase and heat gradients (Simunek et al., 1998): 
89 _ d 
d t  d x  
where h is the water pressure head, 0 is the volumetric water content, t is time, x 
is the spatial coordinate, (positive upward), S is the sink term, a is the angle 
between the flow direction and vertical axis and K is the unsaturated hydraulic 
conductivity function given by: 
K ( h , x ) = Ks( x )Kr(h, x ) 
where Kr is the relative hydraulic conductivity and Ks the saturated hydraulic 
conductivity. 
Characterization of the physical attributes of the porous media under study 




d h  
d x  
+ cos a  
J 
- S  
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of physical soil properties is useful in future modeling efforts, comparisons to 
studies in similar media, and in understanding the interactive processes most 
important to the transport of MS2 and ionic tracers studied in this research effort. 
The physical parameters listed below were derived from various unsaturated flow 
modeling codes (HYDRUS1D, CANVAS,VIRALT, etc.). A battery of standard soil 
tests were used to determine the numbers presented below Refer to SSSA 
Book Series (1986) for detailed methodologies of the standard physical soil tests. 
PHYSICAL PARAMETER LIST: 
1 Soil classification: 
USDA: Calciorthidic Haploxeroll, sandy skeletal mixed frigid, gravelly 
sandy loam (Missoula County Soil Survey, USDA) 
USCS: GM-SM, GP-SM, GP-GM 
2. soil solid bulk densities, ps 
Sample ID: 6-2= 1.85 g/cm3 
7.5-1 = 1.90 
6-3 = 3.25?? 
6-4 = 1.32 
8-2 = 1.82 
8-1 = 2.07 
ave. bulk density of gravel, sand, silt/clay from above, minus 6-3 value: 
Ps(ave)= 1.79 g/cm3 
other values of bulk density (disturbed sample) 
bulk density: 
g/cm3 
2.15 183 to 305 cm depth 
2.09 183 to 305 cm depth 
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soil solid bulk density is undisturbed, taken from intake core splits, and is dry soil 
weight divided by volume of core 
Ps(sand): usually ranges from 1.7 to 1.85 g/cm3 (Brady, 1990) 
ps (silt): usually about 1.3 g/cm3 (Brady, 1990) 
Ps(clay): usually on the order of 1.1 g/cm3 (Brady, 1990) 
3. air bulk density 
pa = 0.001293 g/cm3 (from tables, Handbook, 1992) 
4. porosity,<j> 
<J)= [1 - Ps / P(particle density) ], Where P(particle density) = 2.65 g/CITl3 
using ave. ps = 1.79 g/cm3, 
then 
<|>= 0.32, Tindall and Kunkel, 1999 p. 28 table gives range for sandy soils of 35 
to .40 
measured ranges: 
Ps6-2= 1-85, (J)—0.30 
ps 6-4= 1.32, (|)=0.50 
Ps 7.5-1= 1.90, <J)=0..28 
Ps8-2= 1.82, (|)=0.31 
Ps8-1= 2.07, §=0.22 
282 
5. Particle size information: 
% of gravel, size range: 2-75 mm 
% of sand, size range: 2-0.05 mm 
% of silt, size range: 0.05 - 0.005 mm 
% of clay, size range: < 0.005 mm 
depth below 
land surface (bis) 
test site 
%gravel %sand %silt/clay 
1.83-3.05m 45.3 53.2 1.5 
1 52-2.90m 40.5 57.5 2 
1.22-2.90m 58.1 39.5 2.4 
2.44-2.59m 71.3 27.9 0.8 
depth below Normalize to sand 
land surface (bis) test site 
%sand %silt %clay 
1,83-3.05m 97.25 2 0.75 
1.52-2.90m 91.79 5.01 3.21 
1.22-2.90m 94.4 3.4 2.6 
2.44-2.59m 97.25 1.75 1 
note: wt % skewed towards 
gravel range 
due to small sample 
size 
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dso's:: 1.22 - 2.90m = 0.37mm (sand normalized), 5mm (w/gravel range) 
2.44 - 2.59m = 0.39mm (sand normalized) 
8-1 sample= 0.75mm (sand normalized) 
6-3 sample= 0.33mm (sand normalized) 
6-4 sample= 0.45mm (sand normalized) 
Particle size percent by weight retained: 
183 cm to 305 cm below land surface at test site: 
%gravel (2mm, #10 sieve): 45 
%sand (0.75mm, #200): 57 
%silt/clay (<0.75 mm): 2 
Grain size analysis curves are attached 
Uniformity coefficient: d^dgo from representative grain size curve, 122 to 305 
Below land surface (bis): 8.0mm/0.25mm = 32.0 
Very high uniformity coefficient indicates large variation in particle sizes, very 
poorly sorted. 
7. pore diameter (mm): 
equal to dso (pore) = 0.33 * dso (0.39mm-sand fraction) = 0.13mm 
pores of gravel fractions = 0.33* (5mm-gravel fraction) = 1.67 mm 
7. specific surface area, sm 
in 1 g of soil with dso = 0.13mm, spherical particle 
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sm = [(6/d)/2.65 g/cm3] = 0.0174 m2/g 
8. Thickness of vadose zone at test site using groundwater monitoring well 
M15: 
Range: 269 to 391 cm 
9. Depth of selected Instrumentation: 
Test site drain line (base): 119 cm below land surface (bis) 
Injection sleeve: 119 cm bis or 0 cm as a transport length reference point 
Injection assembly sample port: 122 cm bis or 3 cm below injection point (bip) 
Stainless steel lysimeter LSS1: 125 cm bis or 6 cm bip 
Stainless steel lysimeter LSS2: 175 cm bis or 56 cm bip 
Stainless steel lysimeter LSS3: 240 cm bis or 121 cm bip 
Multilevel well MV-1: 294 cm bis or 175 cm bip 
Single-Unit Thermistor array: 
Thermistor ID: TH-4 lateral distance from injection: 120 cm, and 122 cm bis 
TH-2: lateral distance from injection: 120 cm, and 183 cm bis 
TH-3: lateral distance from injection: 120 cm, and 244 cm bis 
TH-5: lateral distance from injection: 120 cm, and 274 cm bis 
Combination Moisture Block/Thermistor units: 
M/T-10: lateral distance from injection: 6 cm, and 137 cm bis 
M/T-6: lateral distance from injection: 76 cm, and 243 cm bis 
M/T-7: lateral distance from injection: 76 cm, and 305 cm bis 
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M/T-4: lateral distance from injection: 76 cm, and 320 cm bis 
Tensiometers-lateral distance and depths: 
TT-1: lateral distance from injection: 55 cm (approx), and 30.5 cm bis 
TT-2: lateral distance from injection: removed 
TT-3: lateral distance from injection: 128 cm (approx), and 153 cm bis 
TT-4: lateral distance from injection: 120 cm (approx), and 61 cm bis 
TT-5: lateral distance from injection: 122 cm (approx), and 259 cm bis 
TT-6: lateral distance from injection: 79 cm (approx), and 244 cm bis 
10. Clay Type: 
X-Ray Diffraction (XRD) analysis indicates predominantly illite, with a minor 
amount of Kaolinite. Refer to Moore and Reynolds (1989) for the procedures for 
identification of clay minerals. The presence of illite indicates a relatively young 
or immature soil profile. 
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ATTACHMENTS-
GRAIN SIZE ANALYSIS CURVES 











































Grain size distribution, 122 to 290 cm below land surface (bis) 
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grain size analysis- test site, 4-9.5' bis (121.92 - 289.56 cm) 
sample wt: 581.3g 1037.8? 
grain size, mm wt retained cum wt cumwt%retained 
g % 
12.5 262.7 25.40373 262.7 25.40373271 1034.1 100 
5.6 234.8 22.70573 497.5 48.10946717 771.4 74.59627 
4 50 4.835122 547.5 52.9445895 536.6 51.89053 
2.83 32.6 3.1525 580.1 56.09708926 486.6 47.05541 
2.36 9.3 0.899333 589.4 56.99642201 454 43.90291 
2 11.3 1.092738 600.7 58.08915966 444.7 43.00358 
1 35.5 3.432937 636.2 61.52209651 433.4 41.91084 
0.5 99.5 9.621893 735.7 71.14398994 387.8 37.50121 
0.425 10.1 0.976695 745.8 72.12068465 397.9 38.4779 
0.3 140.4 13.57702 886.2 85.69770815 288.3 27.87932 
0.147 79.7 7.707185 965.9 93.40489314 147.9 14.30229 
0.074 43.8 4.235567 1009.7 97.6404603 68.2 6.595107 
0.001 24.4 
1034.1 




















grain size, mm 
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sample 6-4 from soil water retention analysis 
from soil core, undisturbed 6ft depth 182.88 cm) 
wt retained, g cum wt cum wt% cum wt cum wt% 
sieve, mm retained 1 retained 1 retained 2 retained 2 
5.6 13.88 13.88 48.61646 28.55 100 
2.83 1.84 15.72 55.0613 14.67 51.38354 
2 1.15 16.87 59.08932 12.83 44.9387 
1 1.76 18.63 65.25394 11.68 40.91068 
0.5 3.37 22 77.05779 9.92 34.74606 
0.425 1.24 23.24 81.40105 6.55 22.94221 
0.3 2.55 25.79 90.33275 5.31 18.59895 
0.147 1.92 27.71 97.05779 2.76 9.66725 
0.074 0.51 28.22 98.84413 0.84 2.942207 












grain size distribution, 244 cm bis 
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sample 8-2 of soil water retention undisturbed soil core, sieve analysis 
8 ft depth (243.84cm) 
wt retained cum wt cum wt% cum wt cum wt% 
sieve, mm g retained 1 retained 1 retained 2 retained 2 
5.6 26.37 26.37 50.77012 51.94 100 
2.83 4.67 31.04 59.76126 25.57 49.22988 
2 1.83 32.87 63.28456 20.9 40.23874 
1 3.01 35.88 69.07971 19.07 36.71544 
0,5 8.66 44.54 85.75279 16.06 30.92029 
0.425 1.68 46.22 88.98729 7.4 14.24721 
0.3 2.48 48.7 93.76203 5.72 11.01271 
0.147 2.15 50.85 97.90142 3.24 6.237967 
0.074 0.7 51.55 99.24913 1.09 2.098575 
0.07 0.39 51.94 100 0.39 0.750866 
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sample 6-3 test site sieve analysis from water retention samples 
6 ft depth (182.88 cm) 












cum wt cum wt cum wt% cum wt% 










































sieve analysis-test site 
sample 8-1 
8 ft depth (243.84cm) 
SIEVE wt retained(g) 
# mm 
3.5 5.6 37.14 
7 2.83 2.09 
10 2 0.9 
18 1 1.44 
35 0.5 3.5 
40 0.425 1.28 
50 0.3 1.55 
100 0.147 1.18 
200 0.074 0.42 
0.07 0.37 
49.87 
wt % retained 
cum. Wt 
retained 1 
cumwt% cum wt 



































Soil Hydraulic Properties 
APPENDIX N 
SOIL HYDRAULIC PROPERTIES-RESULTS/DERIVATIONS 
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The governing equation describing the one-dimensional movement of water in a 
variably-saturated porous medium is described by a modified form of Richard's 
equation neglecting vapor phase and heat gradients (Simunek et al., 1998): 
ee 





d x  
\ 
+ cos a  
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- S  
where h is the water pressure head, 0 is the volumetric water content, t is time, x 
is the spatial coordinate, (positive upward), S is the sink term, a is the angle 
between the flow direction and vertical axis and K is the unsaturated hydraulic 
conductivity function given by: 
K ( h , x ) = Ks ( x )Kr(h, x ) 
where Kr is the relative hydraulic conductivity and Ks the saturated hydraulic 
conductivity. 
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Characterization of the physical attributes of the porous media under study 
allows quantification of mass transport processes. Development of a catalogue 
of physical soil properties is useful in future modeling efforts, comparisons to 
studies in similar media, and in understanding the interactive processes most 
important to the transport of MS2 and ionic tracers studied in this research effort. 
The physical parameters listed below were derived from various unsaturated flow 
modeling codes (HYDRUS1D, CANVAS,VIRALT, etc.). A battery of standard soil 
laboratory and field tests were used to determine the numbers presented below. 
Refer to SSSA Book Series (Klute, A. ed., 1986) for detailed methodologies of 
the standard physical soil tests. 
HYDRAULIC PARAMETER LIST: 
1. soil water content-volumetric, ( 0 ), [ cm3/cm3] 
description of soil water content under unsaturated conditions on a volume basis 
percentage to the total volume of dry soil matrix 
0i = w ( ps / pw) where: 
w= gravimetric moisture content 
ps= solid bulk density 
pw= water bulk density (assume equal to 1.00 g/cm3) or 0.998 g/cm3 
Field numbers: test site soil cores-1.4 to 3.2m (0.10 - 0.18), 0.12 - 0.15 from 
TN-2 
Control site: 0.126 - 0.226 
Field numbers from cores: range of 0.10 to 0.18 
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Field numbers (questionable) from moisture block data: 
Test Site Historical Moisture Block Results 
4.15.99 m/t-6 243.84 125.46 0.05 
m/t-7 304.8 107.3 0.07 
m/t-4 320.04 137.61 0.04 
4.20.99 m/t-6 243.84 96.12 0.09 
m/t-7 304.8 86.23 0.11 
m/t-4 320.04 74.41 0.13 
4.25.99 m/t-6 243.84 72.67 0.13 
m/t-7 304.8 88.83 0.10 
m/t-4 320.04 61.11 0.16 
4.27.99 m/t-6 243.84 84.8 0.11 
m/t-7 304.8 120.7 0.06 
m/t-4 320.04 62.98 0.16 
4.30.99 m/t-6 243.84 71.16 0.14 
m/t-7 304.8 154.86 0.03 
m/t-4 320.04 58.31 0.17 
5.9.99 m/t-6 243.84 88.42 0.10 
m/t-7 304.8 86.37 0.10 
m/t-4 320.04 53.25 0.18 
5.21.99 m/t-6 243.84 66.91 0.15 
m/t-7 304.8 46.29 0.21 
m/t-4 320.04 41.93 0.22 
5.26.99 m/t-6 243.84 78.09 0.12 
m/t-7 304.8 42.95 0.22 
m/t-4 320.04 45.25 0.21 
m/t-6 243.84 95.67 0.09 
m/t-7 304.8 42.93 0.22 
m/t-4 320.04 50.04 0.19 








are low inflection 
values 
approx. 3mm of 
precipitation 
1 st tracer test-919am 
924am 
929am 








m/t-10 137.16 77.07 0.12 2022 newly installed 
Test Site Moisture Block Data During MS2/bromide Experiment 
M/T-10 137.16cm M/T-6 243.84cm 
time resistance vmc time resistance vmc 
5.27.99 728 85.23 0.1068 728 67.15 0.1448 
930 49.36 0.1952 1037 66.16 0.1472 
1211 90.97 0.0970 1215 81.71 0.1134 
1422 39.15 0.2317 1430 88.46 0.1012 
2130 70.26 0.1374 2130 99.7 0.0838 
5.28.99 320 92.56 0.0945 320 74.95 0.1270 
543 96.46 0.0885 543 94.05 0.0921 
M/T-4 320.04cm M/T-7 304.8cm 
5.27.99 time resistance vmc 5.27.99 time resistance vmc 
728 39.58 0.2300 728 38.27 0.2352 
1030 41.39 0.2232 1035 54.9 0.1778 
1217 45.3 0.2090 1218 62.57 0.1563 
1425 53.45 0.1822 1428 56.29 0.1737 
2130 71.12 0.1354 2130 72.53 0.1323 
320 49.4 0.1951 320 58.85 0.1664 
543 49.29 0.1954 543 68.46 0.1416 
Volumetric Moisture contents from cores taken for failed neutron 
probe access tube 
sample ID# depth (ft) depth bulk volumetric moisture 
(cm) 
density content 
TN-2 5.00 152.4 1.85 0.12 
TN-2 6.00 182.88 1.90 0.15 
TN-2 7.00 213.36 1.65 0.12 
TN-2 8.50 259.08 1.20 0.06 
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2. saturated soil water content-volumetric (0S) 
relations same as (1). Amount of water or volume percentage held in pore 
spaces also occupied with air-not fully saturated, combination of air and water at 
maximum capacity, drainage under gravity. Function of void ratio and soil matrix 
grain size and porosity. Not equal to porosity of soil, usually 5-10% lower due to 
entrapped air (van Genuchten, et al., 1991, p.5 RETC ) 
undisturbed: 
sample id: vol. Moisture content (depth bis) 
6-2: 0.37 1.83m 
7.5-1: 0.23 2.3m 
6-3: 0.23 1.83m 
6-4: 0.19 1.83m 
8-1: 0.13 2.44m (fines washed from sample) 
8-2: 0.20 2.44m 
0.47, 0.45 (disturbed samples, no gravel) 
porosity value of 0.32, see appendix M for porosity values, then saturated 
moisture content must be close to 0.32 
3. residual soil water content-volumetric (0r) 
relations same as (1). Maximum amount of soil water present in soil matrix that 
will not contribute to flow due to flow path blockage (dead end pores) or strong 
adsorption onto the solid phase (Luckner et al., 1989 in RETC p.5). formally, 0r 
i s  d e f i n e d  a s  t h e  w a t e r  c o n t e n t  a t  w h i c h  b o t h  d 0 /  d h  a n d  K  g o  t o  z e r o  w h e n  h  
(pressure head, matric potential, pressure potential-unsaturated) becomes large. 
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Residual soil water content is an extrapolated parameter which may not 
necessarily represent the smallest possible water content in a soil. Computed 
from soil water retention curve 
0.045 - 0.047 (disturbed samples, no gravel) 
0.040, 0.023, 0.024, 0.028 (undisturbed), average or much lower: 017, 0088, 
.007, .027 
[note: values of undisturbed 0S, 0r, 0fieid taken directly from slices of soil cores 
(200-300 cm long and 3.8cm diameter), large experimental error involved by 
handling loose, coarse soils, evaporation of soil moisture prior to analysis, 
samples were frozen until ready for analysis] Also, Burger (1976) states that a 
correction factor is often needed to the soil moisture content result for stony soils. 
4 scaled vol. Water content-[not known at this time] 
5. effective degree of saturation (Se ) or reduced water content ( 0 <= Se <= 1) 
dimensionless: water available for transport 
{(a/OA 
Se= { (ah )'x } when ( ah > 1) 
Or: 
Se= {1 } when ( ah<= 1) 
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Which is called the B-C equation after Brook and Corey (1964). An empirical 
function (rewritten above by v-G in a dimensionless form) to describe the soil 
water retention curve 
Se also = (0 - 0r ) / (0S - 0r) 
Se (ave)= 0.61 at field site soils, on the low side, soils drains freely 
6. tortuosity 
from Hydrus: p. 29: 
a function of the water content using the relationship of Millington and Quirk 
(1961): 
x = 07/3/0 s2 
using field ave 0 of 0.15 and 0S of 0.32 
x = 0.12 
from T&K, p. 167, p. 252 with fig: 
conceptually defined as the square of the ratio of the effective length traveled by 
a particle to the actual straight line length path traveled. Effective length is the 
tortuous path through a pore space traversed by a particle. 
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Bear (1972) in TK p. 252 notes tortuosity is <1, range of 0.5 to 0.8, usually 21%, 
s0.64, given gravelly sands at test site- would expect a lower tortuosity value 
7. Dispersion Coefficient: 
8. water bulk density 
pw= assume 1.00 g/cm3 or 1.00 g/ml or 0.998 g/cm3 from Handbook data, 1992 
9. precipitation 
(neglible) 
10. root water uptake 
grass-neglible 
11. pressure head (pressure potential, matric potential, total potential) 
Table 1 
Test Site Historical Tensiometer Data-Total Potentials and Matric 
Potentials 
values in cm of H20 
259.08cm 
TT-5 
matric total matric 















3.4.99 -10.20 -8.10 -510.00 -479.52 -856.80 -795.84 -173.40 -20.90 
3.4.99 -20.40 -2.10 -40.80 -10.32 -102.00 -41.04 -163.20 -10.70 
3.11.99 -51.00 -32.70 -40.80 -10.32 -122.40 -61.44 -173.40 -20.90 
3.17.99 -81.60 -63.30 -40.80 -10.32 -122.40 -61.44 -183.60 -31 10 
3.24.99 -163.20 -144.90 -61.20 -30.72 -132.60 -71.64 -193.80 -41.30 
4.5.99 -285.60 -267.30 -61.20 -30.72 -142.80 -81.84 -204.00 -51.50 
4.6.99 -306.00 -287.70 -40.80 -10.32 -142.80 -81.84 -204.00 -51.50 
4.12.99 -438.60 -420.30 -51.00 -20.52 -142.80 -81.84 -183.60 -31.10 
4.15.99 -469.20 -450.90 -51.00 -20.52 -132.60 -71.64 -183.60 -31.10 
4.20.99 -540.60 -522.30 -40.80 -10.32 -142.80 -81.84 -204.00 -51.50 
4.25.99 -601.80 -583.50 -61.20 -30.72 -142.80 -81.84 -204.00 -51.50 
4.27.99 -622.20 -603.90 -51.00 -20.52 -142.80 -81.84 -183.60 -31.10 
4.30.99 -652.80 -634.50 -61.20 -30.72 -142.80 -81.84 -183.60 -31.10 
5.9.99 -734.40 -716.10 -142.80 -81.84 -183.60 -31.10 





Conductivity Tracer test 
tensiometer data-5.26.99 
centibars Total Soil Water Potential Matric Potential Potential Direction of 
El. Head, z (Gauge Reading) cmofH20 cmofH20 Gradients Gradient 
TT-1 30.48 8 -81.6 -51.12 
TT-4 60.96 16 -163.2 -102.24 TT-1 /TT-4: 2.68 downward 
TT-3 152.5 22 -224.4 -71.90 TT-4/TT-3: 0.67 downward 
TT-6 243.84 19 -193.8 50.04 TT-3/TT-6: 0.34 downward 
TT-5 259.08 12 -122.4 136.68 TT-6/TT-5: 4.69 upward 
TT-1 /TT-5: 0.18 downward 
May 27- 28,1999 Virus Seed Tensiometer Data 
Depth.cm 30.48 60.96 152.5 243.84 259.08 
ID# TT-1 TT-4 TT-3 TT-6 TT-5 
Time total matric total matric total matric total matric total matric 
5.27.99 710 -40.80 -10.32 -142.80 -81.84 -163.20 -10.70 -153.00 -90.84 -204.00 -55.08 
1157 -61.20 -30.72 -153.00 -92.04 -204.00 -51.50 -183.60 -60.24 -224.40 -34.68 
1350 -61.20 -30.72 -163.20 -102.24 -224.40 -71.90 -183.60 -60.24 -224.40 -34.68 
1520 -71.40 -40.92 -142.80 -81.84 -224.40 -71.90 -204.00 -39.84 -224.40 -34.68 
1830 -71.40 -40.92 -153.00 -92.04 -204.00 -51.50 -214.20 -29.64 -142.80 -116.28 
2129 -51.00 -20.52 -142.80 -81.84 -183.60 -31 10 -193.80 -50.04 -122.40 -136.68 
5.28.99 307 -40.80 -10.32 -132.60 -71.64 -163.20 -10.70 -183.60 -60.24 -61.20 -197.88 
540 -40.80 -10.32 -122.40 -61.44 -163.20 -10.70 -163.20 -80.64 -61.20 -197.88 
May 27- 28,1999 Virus Seed Soil Water Potential Gradients from Tensiometer Data 
intervals 30 - 60 cm 60-150 cm 150 - 240 cm 240 - 260 cm 30 - 260 cm 
TT-1/TT-4 direction TT-4/TT-3 direction TT-3/TT-6 direction TT-6/TT-5 direction TT-1/TT-5 direction 
Time 
710 3.35 downward 0.22 downward 0.11 upward 3.35 downward 0.71 downwar 
1157 3.01 downward 0.56 downward 0.22 upward 2.68 downward 0.71 downwar 
1350 3.35 downward 0.67 downward 0.45 upward 2.68 downward 0.71 downwar 
1520 2.34 downward 0.89 downward 0.22 upward 1.34 downward 0.67 downwar 
1830 2.68 downward 0.56 downward 0.11 downward 4.69 upward 0.31 downwar 
2129 3.01 downward 0.45 downward 0.11 downward 4.69 upward 0.31 downwar 
308 
307 3.01 downward 0.33 downward 0.22 downward 8.03 upward 0.09 downwar 
540 2.68 downward 0.45 downward 0 static 6.69 upward 0.09 downwar 
Bubbling pressure: from soil water retention curve, sample 6-3-1.83 m bls-41 cm 
H20 
12. soil water capacity, C (6) [needs more work] 
data from RETC analysis of (1st cut), rough data from sample 6-3 
undisturbed core m=1-1/n 
C (0.15) = 0.00153 cm"1 from sample 6-3, and C= neg. slope of the soil 
water curve, dQ/dh 
C (0.125) = 0.0022 cm"1, sample 6-4 
13. scaled pressure head 
14 saturated hydraulic conductivity, Ks 
when saturated moisture content, (0) = 0.32, and h = 0 
K(0.32)=1.0 cm/day????still not sure about this number being unity 
15. unsaturated hydraulic conductivity, K(0) 
K(0.15)=0.02 cm/day using ave. field moisture content 
16. soil water diffusivity, D 
where D = Ku„s (dh/dQ) 
D(0.15)= 13 cm2/day 
Note: at about 0=0.15, h=104 cm (-cm of H2O) 
17. rate of infiltration, /, [cm/min] (from effluent data) 
0.03 to 0.39 cm/min 
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18. cumulative rate of infiltration, /, [cm ] 
defined??: addition of or integral of area beneath an infiltration curve? Or 
head vs. time data? Don't know for sure, believe it to be the addition of 
cm/min points over time 
19. rate of evaporation (unknown) 
20. rate of transpiration(minor-not considered-grass turf) 
21. darcian fluid flux density 
Miscellaneous information: 
depth bis 
LSS1 depth bis 125cm 
LSS2 depth bis 175cm 
LSS3 depth bis 240cm 
MV-1 depth bis 290cm 
M15 depth (wtable) 409cm 
injection point 119cm 
depth bis 
injection sample port 125cm 
depth bis 
bubbling pressure 
potential vs. mcontent 
matric potentials: 
5.27.99 -10.32 to 197.9cm H2o 
correlates to 0.02 to 0.19 vol. Soil moisture 
content 
from soil water retention relations in RETC 















NacCI profile w/depth 
Virus conc. Injectate 




background coliphage? Numbers at test 
site 







Bromide conc.injectate 4.26.99 1020 12.3 0 0 0 
bromide-profile w/depth 5.11.99 220 0.44 0 0 0.11 
bromide in groundwater 5.27.99 671 5.5 0 0.33 16.7 
BREAKTHRUS: 
NaCI-MV-1,175 cm 
wetting front arrival: 
ave. pore water velocity: 
MS2 wetting front arrival: 





















sfc area of injection sleeve: 240cm2 




0.027 - 0.39cm/min 
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22. volume of water in flow domain 
using a porosity of 0.32, which may be on the low end, but difficult to measure 
accurately due to stones, can do a unit or representative elementary volume 
(REV)-1m3 *2.90 m *0.32 = 0.928 m3 of water at saturation (0S) 
using a (0r) = 0.04 *2.9 = 0.116 m3 of water at residual (very dry) conditions 
using an average field moisture content of 0f = 0.15 *2.9 = 0.435 
23. volumetric flux at soil sfc boundary, x=0 
24 volumetric flux at soil bottom boundary 
25. Calculated pore water velocity using modified analytical form of Darcy's 
equation: 
V= [K(0.15) * 0.31]/0.28 = 0.022 cm/day 
26. Macroporosity factor, A (Tindall and Kunkel, 1999, p. 362 from Rawls et. al., 
1993) 
Effective conductivity of macropores, KmP = A*Ks 
For rangeland with no mechanical disturbance and bulk density is sand, 
A = exp(2.82 - 0.099PS + 1.94 * p ) where PS=percent sand 
So A= exp [ 2.82- 0.099 (53.2) + 1.94 (1.85 g/cm3)] = exp[1.15] 
Using ex function: A=3.16, then KmP= 3.16 (Ks) =3.16 cm/day 
27. IMPORTANT PRESSURE CONVERSIONS AND CONSTANTS 
1 centibar=10.20 cm H2O 
1 cm=0.09 cbar 
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1 cm=0.014 psi 
1 Kpascal=0.335 ft H20 
1 Kpa=0.0145 psi 
1 Kpa=0.01 bar 
1 atm=1020 cm 
1 atm=14 7 psi 
1 atm=760 mm Hg 
1 atm=1.013 bars 
1 atm=1033.7 cm 
28. field capacity (saturation) or that moisture left after gravity drainage of pores: 
-0.1 to -0.3 bars (100 to 300 -cm) 
29. Wilting coefficient: -15 bars 
30. Hygroscopic coefficient: -31 bars 
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Appendix O 
Soil Thermal Properties 
APPENDIX O 
SOIL THERMAL PROPERTIES 
314 
Soil temperature controls some important aspects of soil moisture transport, 
chemical speciation reactions, and survivability of viruses within the vadose 
zone. Many numerical modeling codes (VIRTUS, CANVAS, HYDRUS) include 
soil heat transport to help describe the overall distribution of soil moisture, and 
prediction of contaminant concentrations within the vadose zone environment. It 
is therefore necessary to investigate the distribution of soil temperature, as well 
as input parameters required to solve the heat diffusion equation. First, a 
qualitative discussion of the character of observed soil temperatures is 
presented, both historical and during the MS2/bromide experiment. Second, this 
discussion is followed by an incomplete input parameter list, the parameter list 
obtained from the governing heat transport equation used in the HYDRUS code. 
DISCUSSION OF TEMPERATURE DISTRIBUTION OF SOILS BELOW THE 
TEST SITE 
Historical Soil Temperatures 4/6/99 to 5/26/99: 
Soil temperature data was collected beginning April 6th, 1999 to May 28th, 1999. 
Examination of the soil temperature data in Figure 1 and Table 1 yields the 
following observations. 
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1. A change from near isothermal conditions to non-isothermal conditions 
occurred after April 15th. The temperature gradient increase is presumably a 
result of increased seasonally-driven solar radiation, warming the soil surface 
and transmitting a portion of that heat through the soil column. 
2. A minimum soil temperature was recorded at 122 cm (TH-4) of 7.57 °C on 
April 12th, with a maximum soil temperature at the same depth of 16.62 °C on 
May 26th. An increase of 9.05 °C occurred in approximately 6 weeks. 
3. Vertical soil temperature distribution indicates a less than 1 °C difference over 
a 152 cm distance prior to April 20th, with vertical temperature contrasts 
increasing with time on the order of 2.5 °C over 198 cm distance. 
4. Although soil temperatures increased with time in response to seasonal 
atmospheric forcing, the soil heat gradients remained very similar. Table 2 
presents some historical gradients between 122 and 320 cm below land 
surface (bis). 
5. Using data from April 15th , 20th, and 27th, it appears the temperature wave 
propagation from surface warming took on the order of 12 days to reach at 
least the 320 cm depth. This gives information on the rate of heat flux 
through the soil profile and indirect information on the thermal conductivities 
of soil, water and air necessary to solve the heat diffusion equation. 
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6. The average soil temperature increased at a rate of 0.14 °C per day at 122 
cm bis and 0.081 °C per day at the 320 cm depth during the period 
measured. 
7. The overall similarity of soil temperature distributions and gradients suggest a 
relatively homogenous heat flux through the soil. A homogenous heat flux 
also suggests a homogenous thermal conductivity, soil moisture content and 
mineral type. This observation agrees with available moisture content data 
and grain size analysis of test site soils. 
8. Non-isothermal soil temperature data suggests transport of soil moisture in 
the form of water vapor was minimal until April 20th, when seasonal incident 
radiation began warming the soil surface. The effect of the heat gradients is 
to increase soil moisture with depth. However, the soil moisture vapor flux 
caused by thermal gradients and how it affects the transport of viruses and 
ionic tracers has not been determined. 
9. Non-isothermal soil temperature conditions revealed during this study may 
preclude the use of equilibrium decay functions to describe 1st order chemical 
speciation and transport behavior. Comparative chemical transport modeling 
using both equilibrium isotherms and kinetic functions would prove useful in 
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determining the impact of the heat field on contaminant or chemical 
transport through these soils and similar soils. 
10. Since non-isothermal conditions are seen to exist at this site, several 
questions immediately spring to mind with regard to virus or solute transport 
processes and the simplifying assumptions of the decay rate following a 1st 
order isotherm function commonly used in many modeling codes. 
Discussion of MS2/Bromide Seeding Experiment Soil Temperatures May 27 
to 28th, 1999 
During the MS2/bromide seeding experiment, soil temperature measurements 
were periodically collected at the test site, 0 cm to 320 cm bis. Soil temperatures 
are presented in Figure 2 and Table 3. 
Examination of the temporal and spatial distribution of soil temperatures 
throughout the course of the experiment yielded the following observations. 
1. The increased measurement frequency allowed examination of the soil 
temperature fields' response to daily stressors, including atmospheric and 
hydrologic. The overall shape of the temperature profile below 149 cm is 
similar to the historical trend. 
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2. Excluding the soil surface, the soil temperature profile down to 149 cm 
increased approximately 1.5 °C within 20.5 hours, which appears to be a 
result of solar forcing. Historical soil temperatures indicate a gradual warming 
of the soil profile, greater in magnitude towards the surface. 
3. The 149 cm soil temperature, located near the injection site, changed very 
little. This is presumably because the effluent temperature remains constant 
throughout the day, creating a limited zone (>27 cm thick) of near-constant 
soil temperature of about 18.8 °C. 
4. Below 149 cm, the soil temperature also increased, though lesser in 
magnitude, on the order of 1 °C or more. 
5. Surface soil temperature measurements during the period of greatest sunlight 
are most likely artificially high since the sensor was placed in direct sunlight. 
6. Near-surface soil temperatures (12 cm) revealed almost a 4.5 °C fluctuation, 
responding to daily solar radiation fluctuations. 
7. Why more heat is retained at the greatest depth is not known, but may be a 
result of increased soil moisture at depth. The effect of increased soil 
moisture is to lessen or damp the rate of heat loss to the surrounding soils 
(Tindall and Kunkel, 1999). Soil water potential gradients and heat gradients 
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are directed downward. Infiltrating injectate liquid may have also 
contributed to soil moisture increases at depth near the measurement point. 
8. Generally, below the 149 cm depth, soil temperature gradients appear 
uniform and are on the order of 0.029 °C per cm. This gradient is slightly 
higher than the historical trend, but may simply reflect differences in daily 
measurement times. 
9. The overall uniformity in the thermal gradient for each measurement period 
indicates a fairly homogenous heat flux from the warmer upper soils to the 
soils below. The homogenous heat flux from atmospheric forcing and 
conductive cooling of infiltrating sewage effluent and injectate water applied 
during the experiment combine to produce a soil temperature field that is 
capable of holding an additional quantity of heat than under normal operating 
conditions of the septic system. 
10. Soil heat flux null points are also shown in Figure 2. Note similarities of the 
heat field at the test site to a sandy soil diurnal temperature profile from a 
Central Canadian Forest in Figure 3. The overall shapes of the curves are 
similar, with the exception that the depth in the Canadian Forest example is 
only 1 m. The test site temperature profile (Figure 2) however, does not 
return to the pre-virus seed temperature range, instead holding a larger 
quantity of soil heat for a greater period of time at depth. The difference may 
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be explained in the thermal conductivity contrasts between the two soils, 
which is a function of the soil moisture content, bulk density and mineral type. 
All other things being equal, more heat is held over a longer period by the soil 
with the higher moisture content, presumably the test site. 
11. The presence of a soil temperature gradient during the seeding experiment 
may have implications for use of linear adsorption isotherms to describe virus 
adsorption in a field setting. Langmuir and Fruendlich first order isotherms 
are commonly used to describe the removal of viruses by attachment to soils 
(Gerba, 1984; Yates and Yates, 1985). That a soil temperature gradient 
exists between the injection site and top of the groundwater surface would 
seem to preclude use of linear isotherm models at this site and similar field 
settings. 
Role of Soil Temperature on MS2 Concentration Distribution 
The direct effect of observed experimental soil temperatures on MS2 
concentrations through inactivation of MS2 over the duration of the experiment 
was negligible. This is not because the soil temperatures were too low to cause 
inactivation, but that the duration of the experiment (20.5 hours) and rate of soil 
moisture transport carrying suspended MS2, did not allow the bacteriophage to 
remain within the vadose zone long enough for temperature to cause 
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inactivation. The attached MS2, however, is subject to inactivation provided a 
sufficient time has elapsed for temperature to have an effect. 
Inactivation has been found by numerous researchers to depend on a host of 
variables, but have found temperature to be the single most important factor 
affecting inactivation (Yates et al., 1985; Powelson et al., 1990;). For MS2, the 
inactivation rate as a function of temperature found by Yates et al., (1985) is: 
Inactivation rate (log10#/day) = -0.181 + 0.021471°C) 
Inactivation rates (logio#/day) based on the soil temperature distribution during 
the virus seed (Table 4) ranged from 0.22 (injection site) to 0.11 (200 cm depth). 
These values are within the range of reported MS2 inactivation rates of 0.02 up 
to 0.58 (Yates et al., 1985). Figure 4 presents computed inactivation rates as a 
function of the soil temperature distribution. 
Suggestions for Further Research 
With regards to reduction of health risks from an uncontrolled release of 
infectious viruses to the vadose zone, an augmented soil temperature field may 
be useful. Enhanced disinfection of the vadose zone could be achieved by 
loading the soils with a higher forced effluent temperature, capable of heating the 
soils at depth, thereby reducing the ability of a virus to maintain its infectiveness 
upon reaching the relatively 'safe' groundwater environment. The form of thermal 
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forcing may be application of heated water to the soil surface or in the effluent 
drain lines, allowing heated water to infiltrate through the soil. However, this may 
also affect detachment rates. To investigate this idea, the soil temperature 
fluctuation must be known on an annual and diurnal (daily) basis in-situ. Once 
the magnitude, damping effects and rate of temperature wave propagation are 
determined, an experiment could feasibly be conducted in concert with daily soil 
heat fluctuations to enhance effectiveness in viral inactivation rates. Tight 
vertical and horizontal control of the soil heat flux would be needed to minimize 
disruption of the soils' microbiota, as well as degradation of groundwater quality 
by thermal pollution and heat dissipation. 
Heat Transport Input Parameters-Results 
The importance of investigating soil heat transport is that the vadose zone is 
susceptible to fluctuations to seasonal and daily weather patterns. This 
susceptibility can directly or indirectly influence soil moisture and solute transport, 
including bacteriophage. In contrast, heat transport in groundwater systems is 
generally not considered, due to the buffering by the overlying vadose zone from 
thermal perturbations. 
A listing of typical input parameters needed to solve the one-dimensional 
transport of heat in the vadose zone is given in Table 5. The listed parameters 
are taken from the HYDRUS1D (version 7.0) numerical modeling code for 
vadose zone transport studies (Simunek et al. 1998). The objective here is to 
323 
illustrate the type of soil thermal properties that are typically encountered in 
practical applications. Also, a partial data set is presented for some of the soil 
thermal properties at this site for future reference and additional research 
involving possible modeling efforts at this site. 
A version of one-dimensional heat transport neglecting latent heat transfer by 
vapor movement used in HYDRUS1D follows a convection-dispersion type rate 








where A,(0) is the coefficient of the apparent thermal conductivity of the soil, 
Cp(0) and Cw are the volumetric heat capacities of the porous medium and liquid 
phase, respectively, q is the soil moisture flux and S represents a sink or source 
term. Initial and boundary conditions involve the initial temperature distribution of 
the soil profile, surface temperature, fluid temperature at the top and bottom of 
the soil profile and atmospheric boundary conditions that are represented as a 
sine wave function. Further details can be found in HYDRUS1D version 7.0 
manual by Simunek et al. (1998). 
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Partial listing of Soil Thermal Properties: 
1. Thermal conductivity, Kc, [W/M/K] 
The ability of a soil to conduct a quantity of heat in the presence of a temperature 
gradient. Dependent on bulk density, soil mineral and moisture content. 
using the chart presented in Figure 5 from Tindall and Kunkel (1999), with a bulk 
density of 1.6 and average field moisture content of 0.15 
1.8E+06 
using 0r, residual moisture content of 0.04, Kc = 0.5E+06 
using 0S, saturated moisture content of 0.32, Kc = unknown 
2. Thermal Diffusivity, Dh, [m2/s] 
Equal to the ratio of thermal conductivity to volumetric heat capacity and governs 
the rate of transmission of temperature change in soil. 
Using the chart presented in Figure 5, with a bulk density of 1.6 and average field 
moisture content of 0.15 
59 m2/s?? 
calculation of thermal diffusivity from soil temperature data collected during the 
MS2/bromide seed using the relation: 
Dh= ZD2) / x , where T is the diurnal damping period equal to 1 day and ZD is 
the damping depth of the temperature wave computed to be 0.252 meters. 
So, Dh = 7.35E-07 m2/s. 
yet this value seems way too low, does not correlate with values given in figure 
5. Fig 5 values may be more like E-05, E-06 m2/s, could be typo error of graph 
since an example calculation of soils from figure 3 using the same method yields 
a thermal diffusivity on the order of E-06 m2/s. 
Damping depth computed from 12 cm (z1) data: min temp: 16.46 C, max temp: 
20.89. 
320 cm (z2) data: min temp: 13.65, max temp: 14.96. 
where ZD = z1 - z2/ln[dT(z1 )/dT(z2)] 
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note: calculation of diurnal and annual damping depth of temperature wave and 
resultant thermal diffusivity may require the oversimplifying and possibly invalid 
requirement that the soil temperature returns to its original values after a 24 hour 
period, which this soil temperature data from the virus seed does not. 
3. albedo 
ratio of reflected to incoming solar radiation (within visible or infrared wavebands) 
for sandy soils: wet-0.24, dry-0.37, soil and surface soil: 0.14 to 0.26 
(estimated) 
4. emissivity 
equal to its absorptivity of a mass (ratio of energy adsorbed to that incident) at 
that wavelength 
for sandy soils: 0.949 
5. amplitude of temperature sine wave 
1 day, maximum solar forcing event occurring at 1pm 
6. heat capacity of material, [J/kg/K] 
specific heat capacity bulk density volumetric heat capacity 



















7. average soil surface temp on 5.27 99 
17.72 °C 
8. average effluent temp 
19.30 °C 
9. average groundwater temp in M15 near injection site 
6.97 °C 
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Table 1. Historical Soil Temperature Distribution 
Date 4.6.99 4.12.99 4.15.99 4.20.99 4.25.99 4.27.99 4.30.99 5.9.99 5.21.99 5.26.99 
Distance from 
Injection, cm Thermistor ID 
120 TH-4 9.46 7.57 10.13 11.56 13.30 12.73 13.80 13.64 14.68 16.62 
120 TH-2 10.25 7.86 10.27 10.92 12.81 11.90 13.29 13.13 14.12 15.22 
120 TH-3 10.76 8.27 10.52 10.67 12.38 11.40 12.61 12.65 13.65 14.25 
120 TH-5 10.45 7.95 10.13 10.11 11.67 10.64 11.75 11.87 12.88 13.32 
76 M/T-7 9.95 9.82 11.34 10.25 10.78 11.71 12.36 12.64 




depths (c 152 
198 
Table 2. 
4.6.99 4.12.99 4.15.99 
-0.0065 -0.0025 0.00 
0.0051 


































Table 3. Soil Temperature Distribution during MS2/Bromide Seed 
4.41 26.94 27.45 34.35 16.50 8.69 5.71 
16.46 16.46 18.54 20.89 20.89 19.26 18.14 
17.94 18.04 18.10 18.22 18.52 18.60 18.66 18.67 
18.80 18.82 18.82 18.81 18.81 18.82 18.84 
16.99 17.06 17.21 17.44 17.57 17.60 17.66 17.66 
15.17 15.26 15.32 15.44 15.83 15.89 16.02 16.05 
14.39 14.52 14.54 14.64 15.00 15.12 15.31 15.35 
13.69 13.70 13.71 13.71 14.85 14.95 14.99 
13.65 13.68 13.70 13.72 14.83 14.91 14.96 
5.28.99 






















Table 4. Computed Inactivation Rates During MS2/bromide Seed 
inactivation rate (Iog10/day)= -0.181 + 0.0214 T(centigrade)(Yates and Yates, 1985) 
time 
5.27.99 
730 am Inact rate 930am Inact rate 1030am Inact rate 1215pm Inact rate 230pm 
Celsius Celsius Celsius Celsius Celsius 
4.41 -0.08663 26.94 0.395516 27.45 0.40643 34.35 
16.46 0.171244 16.46 0.171244 18.54 0.215756 20.89 
17.94 0.202916 18.04 0.205056 18.10 0.20634 18.22 
18.8 0.22132 18.82 0.221748 18.82 0.221748 18.81 
16.99 0.182586 17.06 0.184084 17.21 0.187294 17.44 
15.17 0.143638 15.26 0.145564 15.32 0.146848 15.44 
14.39 0.126946 14.52 0.129728 14.54 0.130156 14.64 
13.69 0.111966 13.70 0.11218 13.71 0.112394 13.72 
13.65 0.11111 13.68 0.111752 13.70 0.11218 13.71 







































Table 5. Heat Transport Parameters from HYDRUS1D Code 
Table 10.5. Block E - Heat transport information/ 330 
Record Type Symbol Description 
1,2 - - Comment lines. 
3 Real TPar(\,M) Volumetric solid phase fraction of material M, 9n [-]. 
3 Real TPar(2,M) Volumetric organic matter fraction of material M, da [-]. 
3 Real TPar(3,M) Longitudinal thermal dispersivity of material M. , XL [L]. 
3 Real TPar(4M Coefficient bx in the thermal conductivity function [MLT"3K'] (e.g.Wm'K1) 
(see equation (4.6)). 
3 Real TPar(5,M) Coefficient^ in the thermal conductivity function [MLT"3K*'] (e.g.Wm'K1) 
(see equation (4.6)). 
3 Real TPar(6,M) Coefficient by in the thermal conductivity function [MLT3K'] (e.g.Wm 'K*1) 
(see equation (4.6)). 
3 Real TPar(l,M) Volumetric heat capacity of solid phase of material M, C„ [ML'T^K*1] (e.g. 
Jm"3K"'). 
3 Real TPar(S,M) Volumetric heat capacity of organic matter of material M, Ca [MI/'T^K*1] (e.g. 
Jm'JK"'). 
3 Real TPar(9,M) Volumetric heat capacity of liquid phase of material M, Cw [ML 'TJK*'] (e.g. 
Jm'3K'). 
Record 3 is required for each soil material M (from 1 to NMat). 
4 - - Comment line. 
5 Real Ampl Temperature amplitude at the soil surface"[K]. 
5 Real tPeriod Time interval for completion of one temperature cycle (usually 1 day) [T]. 
6 - - Comment line. 
7 Integer kTopT Code which specifies the type of upper boundary condition 
= 1: Dirichlet boundary condition, 
=-1: Cauchy boundary condition. 
7 Real tTop Temperature of the upper boundary, or temperature of the incoming fluid [°C]. 
7 Integer kBotT Code which specifies the type of lower boundary condition 
= 1: Dirichlet boundary condition, 
=0: continuous temperature profile, zero gradient, 
=-1; Cauchy boundary condition. 
7 Real tBot Temperature of lower boundary, or temperature of the incoming fluid [°C]. 
f Block E is not needed if logical variable ITemp (Block A) is set equal to .false. 
Table 5. Heat Transport Parameters from HYDRUS1D Code 
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Table 10.5. Block E - Heat transport information/ 
Record Type Symbol Description 
1,2 - . Comment lines. 
3 Real TPari 1 ,M) Volumetric solid phase fraction of material M, 6„ [-]. 
3 Real TP aril,M) Volumetric organic matter fraction of material M, 9a [-]. 
3 Real TParQ,M) Longitudinal thermal dispersivity of material A/, XL [L]. 
3 Real TPar(4,M) Coefficient 6, in the thermal conductivity function [MLT*3K*'] (e.g.Wm 'K1) 
(see equation (4.6)). 
3 Real TPar(5,Xf) Coefficient^ in the thermal conductivity function [MLT3K"'] (e.g.Wm 'K"') 
(see equation (4.6)). 
3 Real TPar(6,M) Coefficient 6, in the thermal conductivity function [MLT3K*'] (e.g.Wm 'K ') 
(see equation (4.6)). 
3 Real TP aril,M) Volumetric heat capacity of solid phase of material M , C„ [ML 'T^K*1] (e.g. 
Jm*JK"'). 
3 Real TPari%,M) Volumetric heat capacity of organic matter of material M , Ca [ML"'T2K*'] (e.g. 
Jm"3K*'). 
3 Real TPari9,M) Volumetric heat capacity of liquid phase of material M, Cw [ML*'T2K''] (e.g. 
Jm'3K"'). 
Record 3 is required for each soil material M (from 1 to NMat). 
4 - - Comment line. 
5 Real Ampl Temperature amplitude at the soil surface [K]. 
5 Real tPeriod Time interval for completion of one temperature cycle (usually I day) [T]. 
6 - - Comment line. 
7 Integer kTopT Code which specifies the type of upper boundary condition 
= 1: Dirichlet boundary condition, 
=-1: Cauchy boundary condition. 
7 Real tTop Temperature of the upper boundary, or temperature of the incoming fluid [°C]. 
7 Integer kBotT Code which specifies the type of lower boundary condition 
= 1: Dirichlet boundary condition, 
=0: continuous temperature profile, zero gradient, 
=-1: Cauchy boundary condition. 
7 Real tBot Temperature of lower boundary, or temperature of the incoming fluid [°C]. 
f Block E is not needed if logical variable ITemp (Block A) is set equal to .false. 
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Figure 1. Historical Soil Temperature Distribution 
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Diurnal variation of temperature 
in a sandy soil beneath a central Canadian for­
est. Various depths are given, illustrating both 
the dampening of the diurnal temperature wave 
with depth, and its increasing phase lag with 
respect to near-surface temperatures. 
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